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Animal welfare, reproduction, and milk production can be negatively affected
when dairy cattle experience heat stress. Dairy cows in southern latitudes spend
nearly 4 to 6 months in a state of heat stress. Animal health professionals and
dairy producers use changes in physiological responses and behavioral patterns of
cows as a tool for identifying poor health and welfare in periods of heat stress.
The objectives of this study were to monitor the effects of heat stress on grazing
dairy cows provided with shade or sprinklers by comparing various physiological
indices of heat stress, and to, design and utilize a heat stress scoring system to
evaluate heat stress severity on grazing dairy cows with access to shade and
sprinklers. Finally, the results were used to predict the accuracy of the scoring
system with machine learning methods. The findings from this study provide a
new tool to assess heat stress in dairy cows.
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CHAPTER I
REVIEW OF LITERATURE
Becker, C. A. and A. E. Stone. 2020. Graduate Student Literature Review: Heat abatement
strategies used to reduce negative effects of heat stress of dairy cows. J. Dairy Sci.
https://doi.org/10.3168/jds.2020-18536. In press.
Becker, C. A., R. J. Collier, and A. E. Stone. 2020. Invited Review: Physiological and behavioral
effects of heat stress in dairy cows. J. Dairy Sci. https://doi.org/10.3168/jds.2019-17929. In press.
Introduction
Heat stress is defined as the sum of internal and environmental forces that act on an
animal and causes an increase in body temperature and evokes a physiological response (Yousef,
1985). Animal welfare can be negatively affected when dairy cattle are experiencing heat stress.
A high external air temperature, humidity, and exposure to solar radiation can cause cattle to
accumulate heat. During times of heat stress, dairy cattle attempt to maintain a constant body
temperature by regulating thermal energy balance (Fournel et al., 2017). In order to regulate
thermal energy balance, the heat that is generated through metabolism (maintenance, exercise,
growth, lactation, gestation, feed intake), must equal the heat lost to the environment. When the
animal is unable to dissipate enough metabolically produced or absorbed heat, thermal balance
cannot be maintained (Bernabucci et al., 2014).
Managing heat stress has become more of a challenge than ever before, due to the
increasing number of production animals with increased milk yield, and therefore greater
1

metabolic activity (Polsky and von Keyserlingk, 2017). Environmental temperatures have
increased by 1.0℃ since the 1800’s and are expected to continue to increase by another 1.5℃
between 2030 and 2052 (IPCC, 2018). Specifically, the southeastern U.S. is subjected to
extended periods of hot weather with intense radiant energy and a generally high relative
humidity (West, 2003). Variable climate caused by global warming can contribute to sudden heat
stress episodes. Sudden heat stress episodes can be especially difficult for dairy cattle to cope
with because it can take weeks for a cow to fully adapt to the heat stress conditions (Perano et
al., 2015). Adaptation is the tolerance level of an animal and its ability to survive and
reproduce and become better suited to their environment. An animal’s previous
experience with heat stress can alter their response to the stress both physiologically and
behaviorally depending on the duration and intensity of the heat stress and the
physiological status of the animal (Ratnakaran et al., 2017). When dairy cattle experience
short bursts of heat stress, production is adversely affected for approximately a 5 d recovery
period following the heat stress conditions (Ominski et al., 2002). Long-term exposure to high
ambient temperatures and humidity can lead to carryover effects of heat stress. Decreased
performance due to heat stress is generally associated with summer months (June, July, August),
however, the negative consequences can continue into the autumn months (September, October,
November) even though cows may no longer be experiencing heat stress (Collier et al., 1981;
Badinga et al., 1985; Wolfenson et al, 1997; De Rensis and Scaramuzzi, 2003). In regions with
tropical and subtropical climates, such as the southeastern U.S., the negative consequences of
heat stress can start affecting dairy cows in spring months as well.
Heat stress can be experienced in all climate zones, depending on the time of year (Beede
and Collier, 1986). Regions in Canada and the northern U.S. with temperate climates can be
2

described as having short, warm summers, but can still experience periods of heat stress (Polsky
and von Keyserlingk, 2017). In these temperate regions, the cows may not be physiologically
adapted to heat stress conditions, making the episodic thermal stress that occurs difficult for the
animals to handle (Ominski et al., 2002). Multiple studies provide evidence that cows in
temperate climates may be less acclimated to heat than cows in tropical, subtropical, and
Mediterranean climates. This concept is explained by the production losses that are experienced
by cows at lower temperature humidity index (THI) thresholds (Beede and Collier, 1986,
Hammami et al., 2013, Schüller et al., 2014). Dairy cows in tropical, subtropical, and
Mediterranean climates experience extended periods of heat stress and are therefore unable to
recover from the negative effects of heat stress as quickly compared to cows in temperate
climates.
Endocrine responses, diurnal temperature range, and thermoneutral zone
When any type of stress is present, endocrine responses occur (Broom et al., 2003). To
compensate for the increase in internal body temperature in periods of thermal stress, dairy cattle
will respond with a decrease in growth hormone, catecholamine, and glucocorticoid levels. This
adaptation is utilized to lower circulating levels of thyroxine (T4) and triiodothyronine (T3), and
will in turn lower the basal metabolic rate and heat production (Johnson, 1980; Yousef, 1987).
The acclimation responses to heat stress and extended photoperiod may be implicated by
hormones that are recognized as homeorhetic regulators including thyroid hormones, prolactin,
somatotropin, glucocorticoids, and mineralocorticoids. Prolactin concentrations in cattle follow
a seasonal pattern when animals acclimate to the changes in temperature or day length
(Auchtung et al., 2003; Auchtung and Dahl, 2004; Collier et al., 2006). Hormones secreted by
the hypothalamic-pituitary-adrenal axis including corticotropin-releasing hormone,
3

adrenocorticotropic hormone (corticotrophin), cortisol, and aldosterone can also be altered by
thermal stress and are involved in acclimation response (Hansen, 2004; Collier et al., 2006). At
35℃, cattle that are thermally acclimated have lower concentrations of glucocorticoids
compared with controls. Both short-term and long-term heat acclimation can occur. Short-term
heat acclimation occurs when an alteration in the cellular signaling pathways begins. As a
defense mechanism to heat stress, disturbances in cellular homeostasis occur and begin to
reprogram cells (Collier et al., 2006). Upon completion of short-term heat acclimation, the heatacclimated phenotype is expressed, and long-term heat acclimation has occurred. However,
when cattle are experiencing high temperature conditions for an extended period, genetic
differences in heat tolerance begin to be exhibited (Ravagnolo and Misztal, 2002; Collier et al.,
2006)
Regions that are located closer to the equator are more likely to experience climactic
conditions that are conducive to heat stress, such as a longer hot season and a higher relative
humidity (Hahn and Osborn, 1968). The southeastern U.S. is classified as a humid, subtropical
climate (Johnson, 1987) where heat stress can persist for several months. In the state of Georgia,
at least 138 d each year have a THI > 72 (Ravagnolo and Mistzal, 2000). In Florida, dairy cows
are considered to be in a constant state of heat stress the full month of July (St-Pierre et al.,
2003). Even in the temperate Canadian summers, cows can experience about 50% of days in a
state of heat stress (Ominski et al., 2002). Across the U.S., dairy cows spend 14.1% of all annual
hours in heat stress conditions (El-Tarabany and El-Bayoumi, 2015).
In subtropical climate zones, there is little to no alleviation from heat at night (Johnson,
1987). In the past 100 years, the annual mean diurnal temperature range, changes in the daily
maximum and minimum temperature, in the United States has steadily decreased, especially in
4

summer and fall months (Qu et al., 2014). Typically, ambient temperature is warmer during the
day, when solar radiation is present, and will begin to decrease at night when the sun sets.
However, over the last 50 years, there have been large increases in daily minimum temperature,
leading to decreased average diurnal temperature ranges (Braganza et al., 2004). Diurnal
temperature range is an important indicator of climate change and plays an essential role in heat
stress.
Due to ruminants being diurnally active (active during daylight hours with a period of
sleeping or inactivity at night), a greater amount of heat is produced throughout the day
compared to the night. Ruminant animals spend more time feeding and standing during the day
(Yamomoto et al., 1979). When feeding and standing, cattle produce more body heat compared
to resting or lying. Following a feeding, ruminal fermentation and nutrient absorption in the
lower digestive tract take place, causing a large amount of metabolic heat to accumulate (Ando et
al., 1997; Sunagawa et al., 2015). When the ambient temperature and humidity do not decrease
enough at night compared to the day, dairy cattle are unable to lose heat that was gained
throughout the day, causing these animals to be in a constant state of heat stress.
Dairy cattle display maximal genetic potential with minimal physiological costs and
maximum productivity only within their thermal neutral zone (TNZ) (Folk, 1974; Tao et al.,
2018). A TNZ is a narrow temperature range when the animal does not have to expend energy to
maintain normal body temperature. Cattle can regulate body temperature within an upper critical
temperature (UCT) and a lower critical temperature (LCT). A lactating dairy cows TNZ is in
the range of 5℃ to 25℃ (Figure 1.1; Kadzere et al., 2002). When a dairy cow’s UCT is
attained, she is unable to effectively regulate her internal body temperature, heat stress is induced
and health, productivity, and behavior are dramatically altered (Kadzere et al, 2002; West,
5

2003; Hansen, 2013; Tao et al., 2018). Factors that can influence TNZ include age, breed,
production, body condition, stage of lactation, pregnancy, housing, type of hair coat, and skin
pigmentation of hide and hair (Yousef, 1985).

Figure 1.1

Thermoneutral zone (TNZ), lower critical temperature (LCT), and upper critical
temperature (UCT) of a lactating dairy cow (modified from Kadzere et al., 2002)

High producing dairy cattle have an increased sensitivity to heat stress compared to lower
producing cows (Kadzere et al., 2002; Kumar et al., 2011). Genetic selection for milk
production traits contributes to cows producing an increased amount of metabolic heat. Cows
with a greater milk production potential have a greater feed intake, thus an increased metabolic
heat production through processes such as lactogenesis, body tissue synthesis, and milk
secretion, than their lower genetic caliber counterparts (Kadzere et al., 2002; Collier et al., 2011).
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Throughout the past decade, U.S. milk production has increased by 13%, from nearly 9,000 to
10,400 kg/cow/yr (USDA, 2018). With an increase in milk yield from 35 to 45 kg/d, the heat
stress temperature threshold may be decreased by 5℃ (Berman, 2005), meaning that cows will
become heat stressed earlier. Multiparous cows can be more sensitive to heat stress due to their
higher milk yield compared to primiparous cows (Berman, 2005).
Holstein cows are not well-adapted to the excessive thermal stress that is experienced in
the southeastern U.S. Cattle with dark coats absorb more solar radiation compared with cows
that have lighter colored coats (Finch and Western, 1977; da Silva et al., 2003; Maia et al., 2005).
Few specific genes have been targeted to improve heat tolerance. The slick hair gene, which
controls hair length, was originally identified in the Senepol cattle breed in the Caribbean island
of St. Croix in 2003 (Olson et al., 2003), but has since been introduced to Holsteins through
crossbreeding. Cattle with the slick hair gene will have a very short, sleek coat that can appear
glossy (Dikman et al., 2008). Cattle with the slick hair gene have displayed greater heat
tolerance with lower body temperatures in heat stress conditions compared to their
contemporaries with the wild-type hair (Olson et al., 2003).
Cows can dissipate heat through conduction, convection, radiation, and evaporation. But how
effective these heat dissipation methods are is dependent on the temperature difference between
the cow and the surrounding environment (Gebremedhin et al., 2008). Evaporative cooling
mechanisms (sweating and panting) occur with greater environmental temperature, whereas nonevaporative cooling mechanisms (conduction, convection, radiation) occur with milder
temperatures (Berman, 1985). Conduction works through physical contact with surrounding
objects. If an object, such as the ground, is cooler than the surrounding environment, the heat
from the cow will flow through conduction to the cooler object (Atrian and Shahryar, 2012).
7

Heat dissipation via convection occurs when the surrounding hot air is replaced with a layer of
cooler air near the surface of the skin. When the environmental temperature is lower than body
temperature, cattle can transfer the heat produced to the surrounding environment via radiation.
Dissipating heat through radiation and convection does not require energy expenditure. As
environmental temperatures increase further, evaporative cooling occurs. With evaporative heat
loss, panting and sweating, occurs. About 15% of accumulated metabolic heat is used by the
respiratory tract (Kadzere et al., 2002) for evaporative heat loss. Evaporative cooling occurs
when sweat or moisture is evaporated from the skin or respiratory tract (Atrian and Shahryar,
2012). Dissipating heat through evaporation requires the animal to expend energy (Kadzere et
al., 2002). In regions with hot, dry climates, evaporative cooling from the surface of the skin is
most effective. In regions with a subtropical climate, like the southeastern U.S., the high relative
humidity limits the rate of heat loss via evaporative cooling (Silva et al., 2007). However, when
natural heat dissipation methods become insufficient, due to an increase in environmental
temperature, the increased heat load can increase body temperature (Wheelock et al., 2010),
decrease milk yield (Wheelock et al., 2010), fertility (De Rensis and Scaramuzzi, 2003), and in
extreme cases, can result in mortality (Stull et al., 2008; Vitali et al., 2009).

Effects of Heat Stress on Performance
Effects on reproduction
The negative consequences of heat stress on the reproductive performance of dairy cattle
is well-documented. Heat stress may alter the duration of estrus (Gangwar et al., 1965), uterine
function (Collier et al., 1982), endocrine status (Collier et al., 1982; Wolfenson et al., 1988b;
Wise et al., 1988; Howell et al., 1994), follicular growth and development (Wilson et al., 1998),
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and luteolytic mechanisms (Wilson et al., 1998). Extended periods of heat stress can also affect
early embryonic development and survival (Biggers et al., 1987; Wolfenson et al., 2000; De
Rensis and Scaramuzzi, 2003), fetal growth (Wolfenson et al., 1988a), and colostrum quality
(Nardone et al., 1997). Dairy cattle fertility is influenced by multiple factors, such as nutrition,
hormone level, management, and environment, although environmental factors contribute the
most influence (Dash et al., 2016).
Conception rate is defined as the number of pregnant cows divided by the total number of
services, multiplied by 100 (Schüller et al., 2014). Over the past 60 years, conception rate has
decreased in high-producing cows from 55% to 35% (Schüller et al., 2014). This decline is
likely related to physiological changes (Wiltbank et al., 2006), changes in management, and
increasing milk production (Honig et al., 2016). During periods of heat stress, conception rates
decrease further below that 35%, compared to periods without heat stress (De Rensis et al., 2002;
De Rensis and Scaramuzzi, 2003; Schüller et al., 2014). Garcia-Ispiearto et al. (2007) found a
decrease of up to 23% in conception rate for heat stressed cows compared to non-heat stressed
cows. Conception rates of dairy cows are negatively affected by extended periods of heat stress,
as well as single days of heat stress near the day of breeding (Morton et al., 2007; Schüller et al.,
2014). Pereira et al. (2013), measured rectal temperature during artificial insemination (AI) and
found that cows with rectal temperatures that were greater than 39.1℃ had a significant drop in
conception rate from 21% to 15%.
Estrus is preceded by a period of high activity ranging from 10 to 12 h. Estrus expression
occurs 19.4 ± 4.4 h after the end of the period of high activity, when ovulation occurs, breeding
should take place (De Rensis et al., 2015, Silper et al., 2015). A cows’ ability to display natural
mating behavior is negatively affected by increased environmental temperatures that can cause
9

physical lethargy and reduce the duration and intensity of estrous expression (Orihuela, 2000).
Dransfield et al. (1998) reported that the number of mounts in warm months was almost 50%
lower compared to cool months. The reduced estrous expression may be a heat stress coping
mechanism to prevent from further increasing the internal heat production that is already caused
by other estrus related activities (Hansen and Aréchiga, 1999). When estrous expression and
detection is decreased, this can lead to fewer cows being inseminated and inseminating at the
wrong time, contributing to a decrease in farm profitability (De Rensis and Scaramuzzi, 2003).
Reproductive inadequacies, such as decreased conception rate in summer months have
contributed to producers altering management practices. Timed AI protocols are utilized to
reduce the necessity of visual estrus detection and to increase pregnancy rates (Collier et al.,
2006). Increased conception rates have been observed from timed AI, but are still not as high
compared to winter months (Edwards and Hansen, 1997). Seasonal breeding can be practiced by
producers in hot climates to avoid breeding and calving during summer months. Ray et al.
(1992) reported that cows calving in the spring or summer had the longest calving interval and
the most services per conception. Cows experiencing thermal stress during the days before AI
and during early pregnancy can be detrimental to fertility. Wolfenson et al. (1988) reported that
the temperature two days before AI (Ingraham et al., 1974), the day of AI (Cavestany et al.,
1985), and one day after AI (Gwazduaskas et al., 1974) were negatively correlated with
conception rate. In an Australian study, cows experiencing heat stress 3 to 5 weeks before and 1
week after the day of service had a decreased conception rate (Morton et al., 2007). In another
study, researchers found that at a THI threshold of 73 is when conception rate is negatively
affected. On the day of breeding, cows that were exposed to ≥ 9 hours of a THI of 73 had a 26%
decrease in conception rate compared to cow exposed to a THI of 73 < 9 hours. The researchers
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concluded that cows exposed to heat stress three weeks before the day of service can negatively
affect conception rates (Schüller et al., 2014).
Altered endocrine status and increased maintenance requirements are other physiological
changes that occur in periods of heat stress (Collier et al., 2005). Both of these changes can
cause a decrease in nutrients and energy availability for milk production, resulting in a negative
energy balance. Negative energy balance leads to a reduction in gonadotropin-releasing
hormone and luteinizing hormone (LH) secretion from the hypothalamic-pituitary axis (Gilad et
al., 1993, Wolfenson et al., 1995, Wolfenson et al., 1997), caused by decreased concentration of
insulin-like growth factor-1, insulin, and increased concentrations of growth hormone, and nonesterified fatty acids (NEFA) in the blood (Jonsson et al., 1997, Hamilton et al., 1999, De Rensis
et al., 2002). Therefore, when estradiol secretion is decreased by the dominant follicle, this can
lead to poor estrus detection, reduced oocyte quality, and sometimes ovulatory failure (De Rensis
and Scaramuzzi, 2003). Heat stress can delay follicle selection and lengthen follicular waves,
and thus can negatively affect the quality of oocytes (Badinga et al., 1993; Roth et al., 2001a;
Roth et al., 2001b) and follicular steroidogenesis (Howell et al., 1994; Palta et al., 1997; Roth et
al., 2001a; Roth et al., 2001b).
Postpartum, cows are in a negative energy balance, and heat stress furthers this imbalance
(De Rensis and Scaramuzzi, 2003), causing anestrus to worsen in the summer months.
Therefore, less cows can be inseminated and less will become pregnant. The negative energy
balance caused by the relationship between decreased dry matter intake (DMI), increased milk
production, and stage of lactation, is what contributes to the reduced LH secretion and dominant
follicle size (Ronchi et al., 2001). During hot weather, LH levels are low, which causes the
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dominant follicle to develop with less LH present and can result in reduced estrus behavior (De
Rensis and Scaramuzzi, 2003).
Reduced reproductive performance during summer and autumn months has contributed to
an important economic loss to the dairy industry (Collier et al., 2006). The economic loss is
largely influenced by increased calving intervals and increased culling rates (Lee and Kim,
2007). St-Pierre et al. (2003) reported that with only minimal heat abatement available
(randomly planted shade trees) economic losses would be large in regions with high
temperatures and humidity that lasts for several months each year. In Kentucky, when dairy
cows are exposed to heat stress conditions 21% of the year, average days open increased by 27 d
compared to cows in periods without heat stress. The increase in days open leads to a 2.7%
increase in reproductive culling. This contributed to an economic loss of $285/cow/year. In
Florida, average days open increased by 59 d with an 8.0% increase in reproductive culling when
cows were heat stressed 49% of the time compared to periods without heat stress. This
contributed to an economic loss of $676/cow/year (St-Pierre et al., 2003). Overall, reduced
reproductive performance in periods of heat stress contributes to a large economic loss to the
dairy industry.
Nutrition and heat stress
At any production level, dairy cattle will show an inverse relationship between milk yield
and heat stress (Ravagnolo et al., 2000; West, 2003). However, cows with greater milk yields
are more affected by heat stress. Higher producing, multiparous cows are more sensitive to the
effects of heat stress compared to lower producing or primiparous cows (Yousef, 1985).
Lactating dairy cows need to eat large amounts of feed in order to sustain high milk yields (West
et al., 2003). With the appetite loss caused by the heat stress conditions, meeting the energy
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demands of a high-producing cow is a challenge (Bernabucci et al., 2014). Mild to severe heat
stress can increase metabolic maintenance requirements by 7 to 25% (NRC, 2001). With the
decreased energy availability due to a reduced feed intake, and the increased maintenance costs,
heat stressed lactating cows can go into a state of negative energy balance (Moore et al., 2005;
Settivari et al., 2007; Shwartz et al., 2009; Rhoads et al., 2009).
Many physiological responses to heat stress are strategies aimed at maintaining core body
temperature (Collier et al., 1982). The digestion and fermentation of feed, milk synthesis, and
maintaining normal body processes produce a large quantity of metabolic heat, with additional
heat being gained from radiant energy. In times of heat stress, the amount of heat production and
heat accumulation leads to an inability to effectively dissipate the heat gained, therefore the heat
load of the cow will increase. The heat load may increase to the point that body temperature will
increase, DMI will decrease, and therefore production decreases (West, 2003). When dairy
cattle are unable to maintain thermal equilibrium within their environment, metabolic processes
are not performed properly. As production increases, the sensitivity of cattle to thermal stress is
greater due to an increase in metabolic heat output. Therefore, higher producing cows have a
lower temperature threshold of when milk loss begins to occur (Berman, 2005). Purwanto et al.
(1990) found that the amount of heat produced by lactating cows that yielded 18.5 and 31.6 kg/d
of milk was 27.3 and 48.5% greater compared to non-lactating cows.
At air temperatures of 25 to 26 ℃, the first step dairy cows will take in order to decrease
heat production is to reduce DMI (Igono et al., 1992; Baumgard and Rhoads, 2013).
Hypophagia, or the reduction in feed intake, occurs from the cooling center of the hypothalamus
signaling the medial satiety center to inhibit the appetite center from functioning properly
(Albright and Alliston, 1971). Therefore, an insufficient amount of nutrients are available for the
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mammary gland to produce large amounts of milk (West, 2003; Rhoads et al., 2009). Bouraoui
et al. (2002) found that cows experiencing heat stress decreased DMI by 9.6% compared to cows
in the TNZ. In a study conducted by Spiers et al. (2004), exposure to heat stress reduced DMI by
14.6 kg/cow/d and milk yield by 11.8 kg/cow/day compared to cows in the TNZ. The decrease
in milk yield occurs partly due to a decrease in DMI which contributes to the large milk
production loss during periods of heat stress.
The reduced feed intake from heat stress has been primarily associated with the decrease
in milk yield (Fuquay, 1981; Collier et al., 1982; West, 2003). However, Rhoads et al. (2009)
states that only about 50% of the milk yield decrease from heat stress is from reduced nutrient
intake, indicating that the decrease in milk production can be impacted by changes not associated
with energy intake. Nutrient partitioning may account for a large portion of the direct effects of
heat stress (Rhoads et al., 2009). When the metabolic profile of a heat stressed cow is compared
to that of a non-heat stressed cow on an equivalent energy intake diet, a difference in NEFA
concentrations is exhibited (Shwartz et al., 2009). Lactating cows on a poorer plane of nutrition
typically have increased plasma NEFA levels (Rhoads et al., 2009). To maximize milk
production, animals on a poor plane of nutrition will utilize increased plasma NEFA as a
glucose-sparing mechanism to maximize milk production. Rhoads et al. (2009) found that heat
stressed cows did not display this glucose-sparing mechanism (they did not mobilize adipose
tissue) even though they had a decreased feed intake. In studies conducted by Rhoads et al.
(2009) and Wheelock et al. (2008 and 2010), cows with reduced DMI due to heat stress had a
45% decrease in milk yield, when compared to pair-fed cows in a thermal neutral environment,
which demonstrated only a 19% decrease in milk yield (Rhoads et al., 2009; Wheelock et al.,
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2008; Wheelock et al., 2010). These results may indicate that heat stress directly affects how
energy is distributed throughout the body (Rhoads et al., 2009; Wheelock et al., 2010).
Heat stressed lactating cows experience a variety of post-absorptive metabolic changes
that are not observed in a non-heat stressed pair-fed animal (Rhoads et al., 2009; Wheelock et al.,
2010). With lipid and carbohydrate metabolism, the lack of adipose tissue lipid metabolism,
basal and stimulated insulin release, and an increase in glucose disposal (Wheelock et al., 2010),
results in decreased adipose tissue lipid mobilization and increased glucose utilization by
peripheral tissues, restricting the amount available for use by the mammary gland. Baumgard
and Rhoads (2013) stated that heat stressed animals utilize novel homeorhetic strategies to direct
metabolic and fuel selection priorities that are independent of nutrient intake or energy balance.
Lipid mobilization requires the β-oxidation of NEFA, which may contribute to an increased
production of metabolic heat, compared to that of carbohydrates (Baumgard and Rhoads, 2013).
Therefore, lipid mobilization may be suppressed as a natural or evolutionary adaptation
employed to survive a high heat load (Wheelock et al., 2010). However, heat stressed animals
cannot maximize milk yield by utilizing the normal glucose-sparing mechanisms that are
employed by thermoneutral animals during times of nutrient insufficiency (Wheelock et al.,
2010). In addition, cows experiencing heat stress are typically hypoglycemic and have increased
rates of glucose disposal. Greater basal and glucose-stimulated insulin levels exhibited by the
heat stressed cows compared to thermoneutral cows on the same plane of nutrition may explain
these results (Itoh et al., 1998; O’Brien et al., 2010; Wheelock et al., 2010).
To increase milk production in summer months, many researchers have conducted studies
that are focused on altering management practices like ration changes and feeding at different
times of the day. Adding fat or ionophores to the ration has been used to increase milk
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production in times of heat stress. Bauman et al. (2008), stated that feeding fat to high producing
dairy cows resulted in an increase in milk yield during hot conditions. When feeding ionophores
in times of heat stress, the production of propionate will increase which may enhance energy
efficiency (Russell and Strobel, 1989). Although, due to the decreased DMI, any extra energy
gained by the fat or ionophores may be offset. Diets that contain a large amount of concentrates
increase the risk of ruminal acidosis, which can further contribute to the decreased appetite and
reduced DMI (Baumgard and Rhoads, 2013). Fat levels in the diet should not exceed 5 to 7%.
For cows to receive the maximum benefits of the dietary addition of fat, modifications to the
environment should be implemented through the provision of shade, fans, cooling with water, or
any combination of the three cooling strategies (Huber et al., 1994; West, 1999).
During periods of hot, humid weather, reduced DMI, eating increased amount of
concentrates rather than forage, and a reduced amount of saliva for buffering capacity of the
rumen all contribute to a greater incidence for subacute ruminal acidosis (Vermunt and Tranter,
2011). When the concentrate: forage ratio of the diet is kept under 60:40, the risk of developing
subacute ruminal acidosis is decreased. Nutritional management during periods of heat stress
may involve increasing the proportion of grain in the diet and feeding high-quality forages that
have a low neutral detergent fiber (Vermunt and Tranter, 2011). This management practice can
be utilized to help offset the decrease in DMI that occurs during heat stress conditions. Dry
matter intake may increase when increasing the proportion of concentrate in the ration, but dairy
cows require a minimum amount (19 to 20%) of acid detergent fiber, in order to maintain proper
chewing and rumination activity, adequate rumen function, and to maintain a rumen pH > 6.2
(West, 1999; Nardone et al., 2010; Soriani et al., 2013). The percent of effective fiber in the diet
is directly related to chewing time, and thus saliva production, which contributes to the buffering
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of the rumen (West, 2003). The addition of sodium bicarbonate to the ration of dairy cows may
help increase feed intake and aid in the buffering capacity of the rumen. Although, exceeding
daily mineral recommendations could lead to excess excretion of minerals in urine and increased
concentration in blood (West, 2003).
Effects on milk production
With the advances in nutrition, technology and biotechnology, and genetic progress, milk
production in the U.S. has increased by 12% per cow over the past decade (USDA, 2018). As
advances in the industry continue to focus on an increase in milk production, heat stress will
become an increasingly relevant concern (Wheelock et al., 2010). For cows to meet their genetic
potential during times of heat stress, the need for improved management practices is essential.
Dairy cows in the southeastern United States spend nearly 50% of all annual hours under thermal
stress, which can lead to a loss of milk production of up to 2,072 kg/cow/year (St-Pierre et al.,
2003). Somatic cell count (SCC) peaks during summer months, which may indicate increased
cases of mastitis (Lievaart et al., 2007). Tao et al. (2018) reported that Georgia dairy herds that
participated in Dairy Herd Improvement Association monthly milk testing exhibited a decrease in
milk yield per cow and SCC increased as average daily THI increased. All these losses contribute
to a seasonality of milk production in the southeastern U.S. and results in economic burdens on
dairy producers (St-Pierre et al., 2003). The decrease in milk production from heat stress alone
contributes to a $1.2 billion annual profit loss for the entire U.S. dairy sector (Key et al., 2014).
Increased SCC in summer months compared to winter months contributes to the seasonal trends
in milk production. St-Pierre et al. (2003) estimated milk losses from 436 kg to 1,233 kg per cow
per year in the southeastern U.S. In addition, results from a Florida study revealed a 15% reduction
in milk yield in summer months compared to winter months (De Vries and Risco, 2005). When
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cows are under heat stress, herd SCC and clinical mastitis infection rate may increase furthering
the decrease in production (de Haas et al., 2002).
For beneficial cooling, like shade or sprinklers, to be implemented and to minimize economic
production losses, producers need to be aware immediately when heat stress occurs. A lag time
between environmental events and the effect on cow performance has been exhibited (West, 2003).
In a Florida study, black globe temperature (a measure of ambient temperature and radiant energy)
had no significant effect on milk production when measured on the same day (Collier et al., 1981).
The effects of a given black globe temperature on milk production are most noticeable between 24
and 48 hours following the heat stress period (Collier et al., 1981; Spiers et al., 2004). West et al.
(2002) reported that mean THI had the greatest correlation to decreases in milk production two
days prior to milk yield measurement. For each unit increase of THI, Holstein cows decreased
milk production by 0.88 kg for the 2 d lag of mean THI. When milk yield was measured on the
same day as THI, the decrease in production was substantially less compared to two days earlier.
Stage of lactation plays an important role in the severity of heat stress and the amount of milk lost
(Tao et al., 2018). Up to 60 d postpartum, the cow is in a negative energy balance, and to make up
for the excess energy loss, body stores are mobilized. Due to increased metabolic heat, the first
60 days in milk and at peak lactation are critical for managing heat stress to minimize effects on
milk production (Sharma et al., 1983).
Season of calving can also contribute to a decrease in milk production. In Florida, some producers
seasonally calve their herds in fall and winter months to avoid cows starting or being in peak
lactation during summer months (De Vries and Risco, 2005). Producers utilize this strategy as a
goal of minimizing overall milk loss (Ferreira and De Vries, 2015).
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Effects on milk components
Dairy cows experiencing heat stress can have an altered milk composition. Some
researchers have found that heat stress was associated with a decrease in total protein and total
fat content (Bouraoui et al., 2002; Bernanucci et al., 2015; Hammami et al., 2015; Hill and Wall,
2015). Tao et al. (2018) explained that milk component yields may be altered simply due to the
decrease in milk volume experienced in summer months. However, the effects of heat stress on
percentages of milk fat and protein are inconsistent (Regan and Richardson, 1938; Moody et al.,
1967; Maust et al., 1972). Cows subjected to heat stress can have 9.7% less milk fat (Maust et
al., 1972) and milk protein and non-fat solids may also decrease (Rejeb et al., 2012; Arieli et al.,
2004; Coppock, 1978; Moody et al., 1967; Regan and Richardson, 1938). Data on the changes
of protein and fat content as a result of heat stress varies, with authors reporting either a
reduction, increase, or no change in components (Roman-Ponce et al., 1977; Knapp and
Grummer, 1991; Lacetera et al., 2003).
Abeni et al. (1993) reported that when THI increased above 75, lower values of milk fat
were found. When THI was less than 75, milk fat content averaged 3.46 g/100 g, whereas when
THI was 75 or greater, milk fat content averaged 3.17 g/100 g. Results from Bernabucci et al.
(2015) are in agreement with Abeni et al. (1993) with a marked reduction of milk fat during
summer months in comparison to winter and spring months (3.2 g/100 g vs. 3.8 g/100 g vs. 3.61
g/100 g). However, other researchers found no differences between milk fat content and seasons
(Cowley et al., 2015; Hammami et al., 2015). When comparing the effects of heat stress on milk
components in Holstein and Jersey cows, the percent of milk fat increased for heat stressed
Holsteins from 3.3% to 3.7%, but there was no change in milk fat percent (4.6%) for heat
stressed Jersey cows. The researchers stated that the differences exhibited could be due to a
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difference in stage of lactation, diet, or heat abatement and could indicate a breed difference on
milk fat percentage in response to heat stress (Smith et al., 2013). In one study, researchers
categorized monthly THI into groups, low THI was less than 70 and high THI was 80 to 85 and
compared milk fat percent between the two groups. Milk fat percent decreased in the low group
compared to the high group from 3.91% to 3.74%, respectively (Nasr and El-Tarabany, 2017).
Milk protein percent changes associated with heat stress are also inconsistent. Results
from some studies show that cows had lower protein percent in summer months compared to
winter months (Smith et al., 2013; Bernabucci et al., 2015) while others show no difference in
protein percent between the two seasons (Hammami et al., 2015). Abeni et al. (1993) found that
cows experiencing a THI greater than 75 had a decrease in protein content of 2.89 g/100 g,
compared to cows experiencing a THI less than 75 with 3.02 g/ 100 g. Cowley et al. (2015)
stated that cows exposed to heat stress had a decreased milk protein content compared to cows
that were in thermoneutral conditions. When cows were fed on the same plane of nutrition and
were not subjected to heat stress, milk protein showed intermediate values compared to cows
experiencing heat stress (Cowley et al., 2015). These results are in agreement with others that
performed pair fed experiments (Rhoads et al., 2009; Wheelock et al., 2010) and may indicate
that the decrease in protein content is related to a direct effect of heat stress instead of a reduction
in feed intake (Summer et al., 2019). The researchers explained that the downregulation of
mammary protein synthesis could be the result of the milk protein decline due to heat stress.
The mechanisms involved in the reduction of milk protein yield due to heat stress remain largely
unknown, but are likely attributable to multiple biological systems. In a study by Gao et al.
(2017) cows in heat stress had reduced milk yield by 17%, milk protein by 4.1%, and 4% fatcorrected milk by 23% compared to pair-fed thermoneutral cows. Heat stressed cows on this
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study had a decrease in plasma glucose and non-esterified fatty acid concentration. The
researchers concluded that cows in heat stress may have an increased utilization of systemic
amino acids, limiting the amino acid supply to the mammary gland for milk protein synthesis
(Gao et al., 2017). Alterations in the somatotropic axis that plays a key role in the regulation of
metabolism and physiological processes during heat stress may also explain a small portion of
the decrease in milk protein yield (Rhoads et al., 2009). Additionally, blood flow to the
mammary gland reduces the protein precursor supply and nutrient partitioning available to the
mammary gland when heat stress is induced, and in turn alters protein synthesis (Lough et al.,
1990; Gao et al., 2017).
After water, lactose is the main component of milk (Summer et al., 2019). Abeni et al.
(1993) demonstrated that when comparing heat stressed cows (THI > 75) to non-heat stressed
cows (THI < 75), lactose content was not significantly different between the two treatments (5.06
vs. 5.10). Cowley et al. (2015) confirmed these results in a more recent experiment.
Variability in the results of studies looking at the effects of heat stress on milk fat and protein
content could indicate that the differences exhibited are influenced by other factors such as diet,
stage of lactation, level of heat stress, experimental model used, cooling facilities, and length of
treatments (Tao et al., 2018). Further research is needed in this area to confirm the many
speculations on what is the cause in the alteration of milk fat and protein content due to heat
stress.
Effects on health
Innate immune function may be suppressed in lactating cows during heat stress which
can lead to an increase in risk of clinical diseases such as mastitis and metritis (Steele, 2016).
The innate immune system is the primary defense mechanism for animals to protect and cope
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against environmental stressors (Das et al., 2016). Immunity indicators such as cytokine
production, proliferation of immune cells, migration of lymphocytes to the udder, and cell
viability were all decreased due to heat stress (Steele, 2016). Heat stressed cattle display an
increased white blood cell count by 21 to 26% when compared to thermoneutral cows (AbdelSamee, 1987). The ratio of white blood cells may also be altered in response to an increasing
THI. Muñoz et al. (2014) found that the neutrophil to lymphocyte ratio, a marker for
inflammation and infection, was significantly increased during summer months.
Hyperthermia promotes oxidative stress, which may be attributed to an increased
formation of reactive oxygen species (Flanagan et al., 1998). Pahlavani and Harris (1998)
demonstrated in an in vitro study that an increased generation of oxygen free radicals during
periods of heat stress may be associated with inhibition of proliferation of T-cells, or
lymphocytes. Researchers stated that heat stress greatly inhibited the activity of the interleukin-2
gene, which plays a crucial role in T-cell proliferation. T-cells develop in the thymus and are an
essential part of the immune response. Therefore, when experiencing heat stress, the immune
response of cattle is decreased (Brenu et al., 2013).
Due to the down regulation of the immune response in periods of heat stress, disease
occurrence may be increased, including diseases such as hepatic lipidosis, lameness, metritis, and
mastitis (Lacetera et al., 1996; Basirico et al., 2009; Jingar, 2014). In vitro studies indicate that
primary bovine mammary epithelial cells display greater risks of programmed cell death when
exposed to high ambient temperatures (Li et al., 2015; Tao et al., 2018). The decrease in the
total number of mammary epithelial cells may partially explain the decrease in milk yield in
lactating cows experiencing heat stress (Tao et al., 2018).
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An increased risk for mastitis has also been associated with periods of hot weather,
leading to a further decrease in milk yield (Giesecke, 1985; Morse et al., 1988; Waage et al.,
1998). Somatic cell count is the number of leukocytes per mL of milk and a common indicator
of milk quality. Somatic cell count is used as a marker for intensity of the mammary
inflammatory response (Bertocchi et al., 2014). White blood cells, specifically
polymorphonuclear neutrophil (PMN) leukocytes are the main source of the increase in somatic
cells during a period of inflammation. The PMN are a key defense mechanism in the udder,
engulfing the foreign mastitis-causing bacteria (Dosogne et al., 2002). Infection status is the
main factor contributing to an increase in SCC, but other variables play a smaller role such as
age and stage of lactation (Harmon, 1994). Somatic cell count tends to increase as a cow ages or
progresses further into her lactation, with heat stress further contributing to the increase in SCC
for these animals. Although, if the mammary gland is healthy, SCC tends to decrease rapidly
after calving and age affects are minimal (Dosogne et al., 2002).
Somatic cell count often follows a seasonal effect, with an increase in the summer and a
decrease in the winter (Schukken et al., 1993; Olde Riekerink et al., 2007; Archer et al., 2013).
When herd SCC is over a specified limit, producers may lose bonuses (Dekkers et al., 1996).
Figure 1.2 displays the monthly trend of test-day milk yield and SCC from farms in the U.S.
enrolled in the Dairy Herd Improvement program for 2018.
In a Canadian study, 48 to 71% of herds experienced an increase in herd SCC from July
to October (Sargeant et al., 1998). Twenty six percent of these herds experienced summer herd
SCC increases in more than 75% of their years of operation and 71% of herds experienced herd
SCC increases in more than 50% of their years of operation (Shock et al., 2015). Igono et al.
(1988) explained that milk production and SCC are inversely related. Ferriera and DeVries
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(2015) stated that there may be a dilution effect of herd SCC in relation to milk volume, which
may partly explain the increase in herd SCC during summer months.

Figure 1.2

Characteristics of test-day milk yield and somatic cell count (SCC) from Dairy
Herd Improvement herds during 2018 by month (modified from Norman et al.
2019)

An increased risk of infection during heat stress may be explained by depressed immune function
(Do Amaral et al., 2011, Hammami et al., 2013) or from the increased pathogen load in the
cow’s environment (Godden et al., 2003). Dhakal et al. (2013) reported that dairy producers in
Nepal in regions with hot environmental temperatures ranked problems with increased incidence
of external parasites the highest. An increase in THI can result in an increased risk for mastitis
due to high temperatures facilitating survival and multiplication of pathogens (Das et al., 2016).
Escherichia coli thrives in temperatures ranging from 19.3 to 44.5℃ and Klebsiella pneumonia
thrives in temperatures ranging from 22.7 to 41.0℃ (Raghubeer and Matches, 1990).
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These bacteria can survive in high ambient temperatures, but are unable to survive in
colder months. In one study, researchers found that coliform counts in bedding were lowest in
winter and highest in summer in all the housing areas studied (freestalls, tiestalls, and maternity
barns). Freestall housing had significantly higher coliform counts in summer months compared
to all other seasons. The bedding had an increased pathogen load meaning that the teat ends of
cows lying on that bedding were associated with an increased rate of coliform intramammary
infection during the summer (Smith et al., 1985). Dairy herds that were kept on pasture had an
increased risk of mastitis infections caused by Streptococcus uberis, environmental organisms
commonly found in organic matter (Riekerink et al., 2006).
If somatic cells are able to move from the bloodstream to the udder quickly,
intramammary infections can be eliminated, and SCC will return to normal levels within a quick
time frame (Sordillo et al., 1997). High ambient temperatures inhibited the quick movement of
somatic cells to the mammary gland in response to a chemotactic challenge (Elvinger et al.,
1992). Tao et al. (2018) explained that a compromised immune system could be partially
responsible for the increase in SCC and mastitis incidence during summer months.
The incidence of lameness has been shown to increase with an increase in ambient
temperature. This could be due to the increase in standing time in attempt to increase body
surface area when cows are experiencing heat stress (Privola and Riva, 2009; Sanders et al.,
2009). In addition, thin soles, white line disease, ulcers, and sole punctures all contribute to
lameness and therefore can increase the likelihood for early culling from the herd (Sanders et al.,
2009; Das et al., 2016).
Incidence of metritis may be increased during periods of heat stress. Heat stress during
late gestation may suppress the uterine defense mechanisms, or the high ambient temperature and
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high humidity may contribute to an increased pathogen load in the environment that may induce
disease (Santos et al., 2014). Cows that develop uterine diseases, such as metritis, have reduced
fertilization, compromised early embryonic development, and increased risk of pregnancy loss
(Moore et al., 1992; Santos et al., 2014).
Ketosis is a metabolic disorder that can occur in both clinical and subclinical forms
(Shaw, 1956). Clinical ketosis often occurs in high producing cows between the 2nd and 7th week
postpartum as a consequence of inadequate nutrition and management (Gillund et al., 2001).
Season can influence the prevalence of ketosis with an increase in occurrence exhibited in
summer months (Rajala-Schultz and Gröhn, 1999; Østergaard and Gröhn, 1999). Another
metabolic disorder, subacute ruminal acidosis (SARA), has become an increasing problem in
well-managed, high-yielding dairy herds. Nineteen percent of cows housed in confinement
experience SARA in early lactation, and 26% in mid-lactation. In grazing cattle, the prevalence
of SARA was determined between 10 and 15% for early and mid-lactation cows (Bramley et al.,
2005; O’Grady et al., 2008). Heat stress affects feeding behavior of dairy cattle by causing
reduced DMI, with selective consumption of concentrates and minimal intake of forages,
therefore a predisposition for metabolic diseases in cows that are experiencing heat stress could
be affected (Collier et al., 2006).
Effects on behavior
Animal health professionals and dairy producers use changes in behavioral patterns of
cows as a tool for identifying poor health and welfare (Mattachini et al., 2013). Measures of
lying behavior are an important indicator of cow comfort and provide valuable information on
how cows interact with their environment (Tucker et al., 2004; O'Driscoll et al., 2008). The
duration and number of lying bouts are used as indicators to assess the welfare of cattle
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(Fregonesi and Leaver, 2001). On average, a typical dairy cow spends 11 to 14 hours/day lying
down in thermoneutral conditions (Cook et al., 2005; Ito et al., 2009; Wechsler et al., 2000). As
ambient temperature increases, dairy cows will reduce time spent lying by 30% in order to
increase body surface area for heat dissipation (Cook et al., 2007; Schütz et al., 2010). Increased
time standing can increase energy expenditure and alter nutrient use, that in-turn can increase
maintenance requirements (West, 2003).
Cows under an increased heat load may change their behavior in order to improve
cooling (Polsky and Keyserlingk, 2017). In hot conditions, cows will spend more time standing
and decrease activity, in order to increase surface area for heat abatement, sensible water loss,
radiating surface area, and air movement via convection (Cook et al., 2007; Allen et al., 2015;
Polsky and Keyserlingk, 2017). Increased standing time in a 24-h period caused by heat stress
may contribute to a decrease in milk production, an increase in disease prevalence (Cook et al.,
2007; Polsky and Keyserlingk, 2017), and an increase in body temperature (Anderson et al.,
2013). Blood flow to the udder is limited in a standing position compared with a lying position,
contributing to the decrease in milk production (Rulquin and Caudal, 1992). When blood flow to
the udder is limited, the amount of nutrient uptake by the mammary gland is reduced (Delamaire
and Guinard-Flament, 2006).
Body temperature increases as a response to heat stress (Armstrong, 1994). Some
researchers have reported that an increase in core body temperature may be positively correlated
to the amount of time cows spend standing in a 24-h period (Cook et al., 2007; Anderson et al.,
2013). Allen et al. (2015) stated that the difference in core body temperature related to the
probability that a cow is standing or lying is very small (0.07℃), regardless of the level of heat
stress being experienced. This difference exhibited may not be physiologically relevant, but
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could potentially explain the behavioral change of whether a heat stressed cow finds it necessary
to stand or lie down. In this same study, they found that cows were more likely to be lying
during the hottest part of the day (1600 h), when body temperature average is the greatest, than
during cooler nighttime hours.
Uninterrupted lying time plays an important role in the health of cattle. With increased
lying time the occurrence of hoof diseases and lameness may decrease and can contribute to
increased DMI and rumination (Grant, 2006; Kominkova et al., 2015; Horky et al., 2017). Some
researchers have reported that extended periods of standing can act as a major risk factor for
lameness (Cook and Nordlund, 200; Allen et al., 2015). With increased standing time, the
pressure inside the claw capsule is increased, leading to restricted oxygen supply and restricted
blood flow, and therefore increased lameness (Grandin et al., 2016). Whether that association is
caused by increased time spent standing (Cook et al., 2007) or altered nutrient metabolism due to
the decrease in DMI that occurs (Cook et al., 2004) is unknown.
Adult cattle rarely engage in sleep while standing, meaning decreased lying time can
have an effect on welfare. Lack of sleep, especially rapid eye movement (REM) sleep, due to
the increased time spent standing can alter the endocrine system, increase energy expenditure,
and weaken the immune system (Grandin et al., 2016).
When provided shade, heat stressed cows increase time spent ruminating (Blackshaw and
Blackshaw, 1994), have a higher milk yield (West, 2003), and have decreased body temperatures
compared to unshaded heat-stressed cows (Kendall et al., 2006). In order to thermoregulate,
dairy cows will spend a majority of their time seeking and standing in shaded areas in pasture
(Schütz et al., 2008; Vizzotto et al., 2015). Cows will continue seeking shade and standing in an
attempt to reduce internal body temperature, even when deprived of lying for 12 hours (Schütz et
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al., 2008). However, heat stressed cattle tend to lie down and reduce activity during the daylight
hours to reduce energy expenditure. When experiencing heat stress, cattle will actively seek
shade during the heat of the day, and if no shade is available, an animal will change posture to a
vertical position in order to attempt to dissipate the accumulating heat (Bianca, 1968; Finch,
1986).
Cooling with sprinklers can lower respiration rate (RR) in hot conditions (Valtorta and
Gallardo, 2004; Kendall et al., 2007; Chen et al., 2013). The provision of sprinklers as heat
abatement may also reduce irritation from insects on cattle (Kendall et al, 2007). In a New
Zealand study by Kendall et al. (2007) four different heat abatement strategies (control or no heat
abatement, shade, shade and sprinklers, and sprinklers) were applied to cows in the holding pen
for 90 minutes before milking and insect avoidance behaviors were observed (number of tail
flicks and foot stomps). Half as many tail flicks and foot stomps were observed in the treatment
groups with sprinklers compared to the control and shade groups. Results from Eicher et al.
(2001) are in agreement that both of these behaviors were positively associated with insect
avoidance and fly numbers.
Access to fresh water is important for dairy cattle in all environments, but especially
during periods of heat stress (Polsky and Keyserlingk, 2017). Water is considered the most
important nutrient for health and performance in dairy herds (NRC, 2001) due to the large
amount of milk dairy cows produce. Water is necessary for basic health functions such as
digestion and metabolism of energy and nutrients, transport of nutrients and metabolites to and
from cells in blood, excretion of waste products (via urine, feces, and respiration), maintenance
of balanced ion, fluid, and heat balance, and contributes to the developing fetal environment
(Houpt, 1984; Murphy, 1992).
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Increased water intake is a major physiological reaction to heat stress (Johnson et al,
1964; McDowell et al., 1972). In hot environments, cows will increase water intake in order to
make up for the water lost through sweat, respiratory evaporation, feces, and milk (Hoffman and
Self, 1972; Shultz, 1984; Richards, 1985; Holter and Urban, 1992). When the environmental
temperature exceeds the TNZ, water intake can increase by 1.2 to 2 kg/℃ (West, 2003). When
water intake is low, animal performance, health, and behavior is altered (Cardot et al., 2008).
Potential negative effects of low water intake include an increase in hematocrit and blood urea
(Steiger Burgos et al., 2001), decreased respiration rate and rumen contractions (Little et al.,
1980; Steiger Burgos et al., 2001), and can provoke aggressive behaviors around the waterers
(Little et al., 1980). Hoffman and Self (1972) studied the effect of season on water intake in
feedlot steers when shade was provided compared to steers with no shade. Steers’ water intake
was increased in the summer compared to the winter. In this study, providing shade in hot
environmental temperatures was beneficial. Steers consumed less water when shade was
provided, meaning that the cattle with shade were cooler resulting in less body water loss.
Indicators of heat stress
Body temperature is a summary of all thermoregulatory events, making it an important
indicator of health, reproductive success, and productivity in livestock animals (St-Pierre et al.,
2003; Brown-Brandl et al., 2005; Duff and Galyean, 2007). An increase in body temperature can
be associated with illness, injury, heat stress, toxin exposure, or other health-related issues
(Koltes et al., 2018). Production losses in domestic animals are largely attributed to increases in
maintenance requirements associated with sustaining constant body temperature, and altered
feed intake (Mader et al., 2002; Davis et al., 2003; Mader and Davis, 2004).
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Increased feed intake is positively correlated to both milk production and metabolic heat
production (Kadzere et al., 2002). Multiparous cows may be less heat tolerant due to a higher
DMI, higher milk yield, and in turn a greater metabolic heat production compared to primiparous
cows (Bohmanova, 2006; Collier et al. 2006). Primiparous cows may have a lower milk
production due to their additional energy requirements for continued growth (Drackley et al.,
2003).
Cattle exhibit seasonal variations in body temperature reflective of ambient temperature
(Fordham et al., 1988). Measuring body temperature continuously throughout the day can be
advantageous due to the fluctuations in environmental temperature in a 24 h period. Some
researchers have found that body temperature in cattle may follow a distinct circadian rhythm
with a range of 0.2 to 0.9 ℃ (Nakamura et al., 1983; Lefcourt et al., 1999; Al-Haidary et al.,
2001; Piccione and Refinetti, 2003) with the minimum body temperature in the morning and the
maximum in the late afternoon (Kendall and Webster, 2009). Seasonal changes, and in-turn
changes in ambient temperature, can affect the body temperature rhythm of cattle. In summer
months, mean body temperature and the amplitude of body temperature rhythm are higher than
in the spring or winter months (Berman and Morag, 1971). Influencing factors on body
temperature, include overall health, environment, ambient temperature, activity level, estrus,
pregnancy status, breed, eating and drinking behavior, and excitement (Lefcourt et al., 1999).
Multiple researchers have stated that body temperature lags ambient temperature by 1 to 5 hours
and is dependent on ambient conditions. Meaning that using body temperature as an indicator of
heat stress could result in a delayed producer response (Scott et al., 1983; Hahn, 1989; Hahn,
1999; Mader, 2003; Brown-Brandl et al., 2005). Technologies are used for measuring body
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temperature from different regions of the body including rectal, tympanic, reticulorumen,
vaginal, and skin.
Each region used for body temperature measurement has advantages and disadvantages.
Reticulorumen temperature can be automated for routine, frequent, non-disruptive temperature
monitoring, however water intake, especially large volumes of water and cold water, can cause a
dip in reticulorumen temperature. When interpreting reticulorumen temperature data, water
intake needs to be considered (Schutz and Bewley, 2008).
Due to the proximity to the hypothalamic thermosensitive site, tympanic temperature is
considered a reliable method of body temperature and has a reduced lag time compared to rectal
temperature (Seawright et al., 1983; Bergen and Kennedy, 2000). Davis et al. (2003) found that
when using sprinklers in a feedlot in periods of heat stress, tympanic temperature may be
significantly reduced.
Measuring body temperature with rectal thermometers is commonly used to identify
illness in cattle (Vickers et al., 2010). Collecting rectal temperature data is time consuming and
requires a person to manually record the temperature, meaning that collecting a lot of time points
in a 24 h period isn’t realistic. However, vaginal temperature may be associated with rectal
temperature and can provide the ability to capture diurnal changes in body temperature (Vickers
et al., 2010). By attaching a data logger to a controlled internal drug release insert and inserting
the device into the vaginal cavity, body temperature can be collected throughout the entire 24 h
period. Thermal images can be taken to assess skin temperature in cattle. Salles et al. (2016)
found that thermal images taken from the forehead of the cow are most closely related to rectal
temperature in Jersey cattle, while the left and right flank were most closely related to the
calculated THI.
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Providing shade for cattle on pasture can have beneficial effects on body temperature
(Roman-Ponce et al. 1977, 1981; Ingraham et al. 1979; Muller et al. 1994; Davison et al. 1996).
Potential benefits associated with the provision of shade may vary due to cow breed,
environmental conditions, and the amount of black or white in the coat of the cow (Hansen,
1990; Fisher et al., 2008). In a South African study, when maximum temperature was less than
or equal to 25℃, the researchers found no effects of shade on body temperature. When ambient
temperature exceeded 25℃, body temperature of cows without shade was on average 39.1℃ at
1500 h, whereas cows with shade had an average body temperature of 38.7℃ (Muller et al.,
1994). These results are in agreement with other researchers who found that when ambient
temperature is greater than 25℃, cows with access to shade had lower body temperature in the
afternoon compared to cows without shade (Roman-Ponce et al., 1977; Valtorta et al., 1996;
Fisher et al., 2008).
Respiration rate can be influenced by multiple factors, including age, level of production,
body condition, DMI, housing design, cooling system implemented, and previous exposure to
hot conditions (Gaughan et al., 2000). Gaughan et al. (2000) reported that under hot conditions,
a cycle of ambient temperature ranging from 24℃ to 39℃, the increase in respiration rate varied
from 2.8 breaths/min to 3.3 breaths/min for each 1℃ increase in ambient temperature. As body
condition of the cows increased, RR was higher by 1 breath/min for each 1℃ increase in
ambient temperature compared to thinner cows. They stated that even when cows had
previously experienced hot conditions, cattle with higher body condition scores were less heat
tolerant. Animals are able to adapt to hot environmental conditions through gradual acclimation
(Prosser and Brown, 1969). However, when hot conditions are sudden and prolonged, like in the
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summer months in the Southeast U.S., cows are less likely to acclimate further accentuating the
negative effects of heat stress (Kadzere et al., 2002).
An increase in RR is one of the most sensitive phenotypic indicators of heat stress; a cow
with a respiration rate > 60 breaths/min is an indicator of heat stress in lactating dairy cows
(Shultz, 1984; Berman et al., 1985). A non-stressed dairy cow will have a respiration rate range
of 26 to 50 breaths/min. When respiration rate is ≥ 120 breaths/min, the cow is experiencing
severe stress (Hahn et al., 1997). Respiration rate increases with ambient temperature, but lags
with solar radiation by approximately one hour (Brown-Brandl et al., 2005). Some researchers
mention that RR may have a ceiling or maximum RR ranging from under 100 breaths/min to
approximately 200 breaths/min (Kibler & Brody, 1949, 1950; Worstell & Brody, 1953; Hales
and Findley, 1968; Spiers et al., 1994; Gaughen et al., 1999). In contrast, other researchers
haven’t noted a RR ceiling (Spain and Spiers, 1996; Hahn et al., 1997; Brown-Brandl et al.,
2005). Respiration rate will vary due to the aforementioned factors, but is known to be a good
indicator of heat stress in cattle (Gaughan et al., 2000). Berman et al. (1985) reported that RR
began to increase above 50 to 60 breaths/min when ambient temperature reached 25℃. In
another study, the researchers found that Jersey cows had much higher RR’s compared to
Holstein cows. They added that this could be attributed to the Jersey cows’ ability to dissipate
heat more efficiently than Holstein cows (Kibler and Brody, 1954).
Researchers have found a breed effect in relation to heat tolerance (Seath and Miller,
1948; Kadzere et al., 2002; Keister et al., 2002; Bryant et al., 2007; Smith et al., 2013). Smith et
al. (2013) stated that Holstein cows dropped in milk production during both moderate (79 ≤ THI
< 90) and severe (90 ≤THI) heat stress, whereas Jersey cows dropped in milk production in just
severe heat stress. Milk fat percentage for Holstein cows dropped in moderate and severe heat
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stress, compared with mild heat stress. For Jersey cows, milk fat percentage didn’t decrease in
any level of heat stress experienced. The researchers concluded that Jersey cows appeared to be
more heat tolerant than Holstein cows, however Holstein cows still produced a larger volume of
milk due to their genetic advantage over Jersey cows for total milk yield.
Breed and parity can have an effect on body temperature (Kendall and Webster, 2009;
Stone et al., 2017). In a New Zealand study, no significant differences in vaginal temperature
were observed for Holstein, Jersey, and Holstein × Jersey crossbred cows. However, the authors
noted a tendency for Jersey cows to maintain a higher vaginal temperature in the summer months
compared with Holstein and Holstein × Jersey crossbred cows (Kendall and Webster, 2009).
Stone et al. (2017) reported that primiparous Holstein cows had a higher reticulorumen
temperature (39.3 ± 0.2 ℃) compared to crossbred Jersey cows (38.9 ± 0.2 ℃) and crossbred
cows had a higher reticulorumen temperature compared to Jersey cows (38.2 ± 0.2 ℃).
However, significant differences in reticulorumen temperatures in multiparous cows were not
exhibited. Jersey cows may have an advantage over Holstein cows or crossbred cows due to
their ability to maintain a lower reticulorumen temperature under heat stress conditions (Liang et
al., 2013; Smith et al., 2013).
The amount of dark- or light-colored hair can affect how tolerant of heat an animal may
be. Brown-Brandl et al. (2006) compared the heat tolerance of feedlot heifers of different
breeds. The study included two breeds with dark-colored coats (Angus = all black; MARC III =
mostly dark red) and two breeds with light-colored coats (Gelbvieh = tan; Charolais = mostly
white or off-white). The researchers found that the two breeds with dark-colored coats had a
significantly higher RR (96.6 and 95.6 breaths/min for Angus and MARC III, respectively)
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compared to the two light-colored breeds (88.7 and 80.7 breaths/min for Gelbvieh and Charolais,
respectively). They saw this same effect with panting scores and skin surface temperatures.
Various management practices have been implemented to improve the welfare of heatstressed cows (Polsky, 2017). When cattle on pasture have access to shade, RR can decrease
compared to cattle without shade (Brown-Brandl et al., 2005). In a study with shaded and nonshaded feedlot cattle, Brown-Brandl et al. (2005) reported that regardless of weather, the RR of
shaded and non-shaded cattle were similar until 11:00. At 11:00, RR of shaded cattle became
steady, whereas non-shaded cattle RR continued to rise. The importance of providing shade
during hot conditions has been well-documented (Blackshaw and Blackshaw, 1994; BrownBrandl et al., 2003; Mitlöehner et al., 2001).
Two important mechanisms of evaporative heat loss for cattle are panting and sweating,
where sweating can account for up to 80% of total evaporative heat loss (Robertshaw, 1985).
Panting occurs when sensible heat is used to heat the water vapor and remove the built-up heat in
the form of vaporized moisture from the lungs. Sweating occurs when moisture is evaporated
from the skin surface (Gebremedhin et al., 2008). With high ambient temperature and relative
humidity, evaporative heat loss via panting and sweating becomes less effective (Sparke et al.,
2001). In addition, sweating and panting contribute further to the metabolic heat production, and
therefore increasing the heat load (Bianca, 1968). Gebremedhin et al. (2008) found that Jersey
cows sweat less than black or white Holstein cows. The researchers stated that these results
support the theory that Jersey cows are more heat tolerant compared to Holstein cows.
Cattle experiencing heat stress may exhibit open-mouthed, labored panting (Sparke et al.,
2001). Some researchers have utilized a panting scoring system as a tool for measuring heat
stress (Gaughan et al., 2000; Mader et al., 2006). Tresoldi et al. (2016) observed panting
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characteristics and respiration rate of heat stressed dry-lot cattle and found that respiration rate
was higher when cows were exhibiting any panting characteristic (drooling, open-mouth and
protruding tongue) compared to when they were not showing any of these signs.
Environmental Temperature Monitoring
Temperature humidity index
To summate the intensity of heat stress exposure on dairy cows, various weather
parameters (ambient temperature, wind speed, relative humidity, solar radiation) can be
measured. Two commonly measured environmental parameters to assess heat stress include
ambient temperature and relative humidity (Nienaber et al., 1999). Ambient temperature
consists of both dry and wet bulb temperature. Dry bulb temperature is the actual air
temperature shielded from moisture and solar radiation. Wet bulb temperature is the measure of
moisture or water vapor in the air. By including RH in an equation for measuring thermal stress,
the amount of moisture the air can hold at a specific temperature before it is condensed to dew is
accounted for. An increased relative humidity increases the likelihood of cattle becoming heat
stressed (Herbut and Angrecka, 2018).
Temperature humidity index is a unitless value used to measure the severity of heat stress
on dairy cows (Mader et al., 2006; Bohmanova et al., 2007). Temperature humidity index was
first introduced by Thom (1959) to assess the effect of heat stress on humans. It has since been
adapted to describe thermal effects that influence heat stress in dairy cattle (De Rensis et al.,
2015).
Bohmanova et al. (2007) reported that THI can be an indicator of milk yield in the
southeastern U.S. Temperature humidity index equations that weighted humidity more heavily
were more accurate for cattle in humid regions, like Georgia, whereas THI equations that
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decreased the weight of humidity in the equation were better for cattle in arid regions, like
Arizona (Bohmanova et al., 2007). An equation that is used to calculate THI for cattle in humid
climates by Bianca (1962) is below; where Tdb = dry bulb temperature in ℃ and Twb = wet bulb
temperature.

THI = (0.35 × Tdb + 0.65 × Twb) × 1.8 + 32
(1.1)
Cow-specific data is not included in THI formulas. THI is often used in lieu of body
temperature of cattle experiencing heat stress (Buffington et al., 1981; Gaughan et al., 2008) to
predict milk loss (Bohmanova et al., 2007; Dikman and Hansen, 2009), and is negatively
correlated with production performance and reduced overall performance (West, 2003).
Researchers have consistently used a THI ≥ 72 as the temperature threshold where dairy cows
begin to experience heat stress (Ravagnolo et al., 2000). Collier et al. (2012) reevaluated the
impact of THI on high-producing dairy cows and cited that threshold as an underestimation of
when dairy cows begin experiencing heat stress. In an Arizona study, Collier et al. (2012)
reported that high-producing cows dropped in milk yield by 2.2 kg/d every 24 h at a daily mean
THI of 68. In addition, researchers have reported that the THI 24 to 48 h before a drop-in milk
yield may be the best indicator for milk loss (Collier et al., 1981; West, 2003; Spiers et al.,
2004). This could indicate that cooling methods should be implemented before then to reduce
the severity of the milk loss. Most weather stations near farms provide THI data, making this
measurement a useful tool for producers to make management decisions regarding heat stress
(Polsky and von Keyserlingk, 2017). However, weather stations near farms may not fully
describe the whole picture of the environment inside a barn.
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Limiting factors in the ability for THI equations to indicate heat stress include: not
accounting for solar radiation, wind speed, cow-specific factors like milk yield or stage in
lactation, and assuming that all cows are affected the same by the environment (Hammami et al.,
2013). Depending on the climate in the region being measured, multiple variations of the THI
equation exist to account for the differences in humidity or dry-bulb temperature. Bohmanova et
al. (2007) determined that by comparing 7 different THI equations the limiting factor for heat
stress in humid climates was humidity and the limiting factor in dry climates was dry-bulb
temperature. Mader (2006) stated that wind speed should be included in the THI equation as it
can affect temperature. Rather than using mean THI, maximum THI (maximum temperature and
minimum RH) was found to be a more accurate predictor of heat stress (García-Ispierto et al.,
2007, Bernabucci et al., 2014). Researchers have found that high temperatures are often
associated with lower RH. Minimum THI is better than maximum THI for describing ambient
conditions at night (Vitali et al., 2009). Compared to daily average THI, maximum THI was
found to have greater negative effects on milk yield (Ravagnolo et al., 2000).
The amount of solar radiation from both direct and diffuse radiation negatively affects
cattle and can increase their sensitivity to heat stress. Direct solar radiation originates from
direct sun rays, whereas diffuse radiation comes from the reflection of the blue sky and clouds.
Including solar radiation in the THI equation could account for an environmental variable that
could affect the severity of heat stress that occurs (Mader et al. 2006; Herbut and Angrecka,
2018). Although THI is the most used measurement to indicate heat stress, other indices exist
that incorporate other measures. Buffington et al. (1981) formulated an equation that considered
dry-bulb temperature, humidity, solar radiation, and wind speed known as Black Globe Humidity
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Index (BGHI). The equation for BGHI is shown below; where tbg = black globe temperature in
℃ and tdp = dew point temperature in ℃.

BGHI = tbg + 0.36tdp + 41.5
(1.2)
Compared to THI, BGHI had greater correlations with rectal temperature and milk yield
in heat stress conditions when cows had an increased exposure to solar radiation. In contrast,
under shade conditions where exposure to solar radiation was decreased, no significant
differences between THI and BGHI existed. When the use of BGHI was studied by Collier et al.
(2012), the researchers reported no significant differences and stated that BGHI could be a better
predictor of heat stress than THI.
When wind speed is increased, the convection cooling of cows may be increased, only if ambient
temperature does not exceed skin surface temperature of the animal (Davis et al., 2003). By
including wind speed in the THI equation, THI values may decrease (Herbut and Angrecka, 2018).
A further developed equation by Mader et al. (2006) has been used for calculating THI that takes
into account solar radiation and wind speed; where THI = temperature humidity index, V = air
velocity, m/s, and SR = intensity of solar radiation, W/m2.

THIadj = 4.51 + THI – (1.922 x V) + (0.0068 x SR)
(1.3)
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The THIadj created by Mader et al. (2006) may be beneficial to use when assessing heat
stress of cattle in temperate climates. With the inclusion of wind speed and solar radiation, it can
better assess cow discomfort in those environments (Hammami et al., 2013). When comparing
various THI indices, large differences have been observed under humid or semiarid climates in the
United States (Bohmanova et al., 2007). Future research should focus on finding the best fit THI
index for various climates that could include both individual cow variables (e.g. respiration rate,
body temperature) and environmental variables to predict cow discomfort.

Housing
Pasture versus confinement
Dairy cow housing can negatively affect the severity of heat stress experienced if beneficial
modifications are not implemented. As THI increases, heat stress conditions are more likely to
occur if barns are designed improperly. Building orientation, use of building materials with greater
thermal conductivity, natural ventilation, or barn overcrowding are all areas of concern (Abeni and
Bertoni, 2009).
Natural ventilation in free stall barns can help provide relief from the heat. Barns housing
dairy cattle typically have a steeply slanted roof with a capped or open ridge vent to enhance the
natural ventilation (West, 2003). With the high roof, this barn design minimizes the transfer of
infrared radiation. The hot air will rise to the roof incline and is released through the ridge vent.
The ridge vent also increased cross-ventilation from wind movement throughout the barn, further
allowing access to fresh air (West, 2003).
Freestall housing may be associated with a greater occurrence of hoof injuries and hoof
diseases that lead to lameness (Whay et al., 1997; Somers et al., 2003). Either due to the
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environmental change or associated factors like diet change, dairy cows reared on pasture may
have improved hoof health (Leaver, 1988). Cows may benefit from pasture due to the grass
being a more comfortable surface to lie and stand on. A relationship between lameness and
comfortable housing for dairy cows has been identified by some researchers (Vokey et al., 2001;
Cook, 2003). However, providing appropriate heat abatement for cows on pasture can be a
challenge.
The United States Department of Agriculture reported that in 2014, 70.4% of very small
dairy operations (fewer than 30 head) allowed full or partial pasture access for lactating cows.
Where only 3.9% of large operations (greater than 500 head) allowed either full or partial access
to pasture. A combination of confinement and some access to pasture is most common (47.8%)
for small operations (30 to 99 head). Whereas, only 3.2% of large operations allow some access
to pasture (USDA, 2014). Potential downfalls of pasture include grass availability in certain
seasons, access to water, parasites and predators, and climate extremes (e.g. cold, heat, rain; Abeni
and Bertoni, 2008). Legrand et al. (2009) reported that when offered the choice between pasture
or a freestall barn, dairy cows preferred access to pasture at night when environmental
temperatures are cooler and access to indoor housing during the day when THI is increased.
Potential benefits associated with housing dairy cows on pasture are improved udder
health, reduced lameness (White et al., 2002; Hernandez-Mendo et al., 2007), and ample space to
engage in more natural behaviors. St-Pierre et al. (2003) estimated milk losses from 436 kg to
1,233 kg per cow per year in the southeastern U.S. When cows are under heat stress, herd SCC
and clinical mastitis infection rate may increase furthering the decrease in milk production that
occurs from heat stress (de Haas et al., 2002).
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A cow’s day is spent feeding, lying, and ruminating. When behavior patterns were
studied in cattle in confinement and pasture the distribution of feeding and activity levels were
substantially altered for the cattle in a confinement setting. Cows kept indoors can be more
restless than cows at pasture which may affect lying time and rumination time. Black and
Krawczel (2016) reported that cows managed on pasture, during the dry period, spent less time
lying, were more active, and had decreased feed bunk displacements compared to cows in
confinement. Although, the dry cows on pasture were more likely to experience heat stress and
have an increased respiration rate compared to the confinement cows.
Uninterrupted lying time plays an important role in the health of cattle and can be
influenced by factors including: social ranking (Galindo and Broom, 2000), production
(Fregonesi and Leaver, 2001), lameness (Walker et al., 2008), or illness and pain (Cyples et al,.
2012). When lying time is reduced, cows may exhibit an increase in behaviors that indicate
frustration including leg stomping, weight repositioning, and butting (Munksgaard and
Simonsen, 1996; Cooper et al., 2007). During periods of heat stress as a strategy to dissipate
heat, cattle will stand to increase the surface area exposed to the environment and therefore
increase air flow around the body (Ansell, 1981). On average, dairy cows spend 9 to 15 h per 24
h lying, depending on the housing system (Tucker et al., 2004). Increased time spent standing
can have a negative effect on blood flow to the mammary gland (Rulquin and Caudal, 1992)
which may contribute to the decrease in milk production that occurs in summer months.
The relationship between pasture and udder health have differing results. In some
studies, researchers found that confined herds have the highest incidence of clinical mastitis in
summer months, with most cases caused by environmental pathogens (Hogan and Smith, 1986;
Eberhart et al., 1987; Scruton et al., 1988). A Vermont study that worked with 15 dairy herds,
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reported that rotationally grazed cows had some advantages in udder health and milk quality
indicators, such as decreased occurrence of udder edema and teat injuries and decreased
incidence of clinical mastitis, during the grazing season compared to the cows kept in
confinement. Although, the authors discussed that the incidence of clinical mastitis reported was
subjective amongst herd managers and may not be representative of the true incidence of clinical
infection in herds (Goldberg et al., 1992). In a different study, researchers collected data from
two dairies in Hungary in a multiple year comparison for pastured cows versus confinement
cows. Washburn et al. (2002), reported that the percentage of cows infected with at least one
case of clinical mastitis during the four-year study was significantly greater for confinement
housed cows compared to cows housed on pasture (42.8 ± 3.2% vs 24.2 ± 3.2%). Cows in the
confinement group had 1.8 times more cases of clinical mastitis per cow compared to the pasture
group (0.79 vs. 0.44 ± 0.07 cases). However, average SCC scores did not significantly differ
between confinement and pasture housed cows (Washburn et al., 2002). In agreement, Rust et
al. (1995), reported no differences in SCC for cows housed in confinement versus pasture.
Levison et al. (2016) found that housing type or pasture access had no effect on incidence rate of
mastitis.
Pasture-based dairy systems can be economically competitive with confinement-based
operations (White et al., 2002). Feeding dairy cattle is the largest cost for dairy producers and
pasture dairies can have reduced feed costs. Cattle can graze most of the forage from the
pasture, rather than relying on stored forages in the ration (Ford, 1996; White et al., 2002). In
addition, capital costs for machinery, manure systems, and facilities are less than in confinement
herds (Ford, 1996). Some authors have reported that confinement-fed cows have a greater milk
yield compared to pasture-fed cows (Rust et al., 1995; Kolver and Muller, 1998). Even with the
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lower milk production from grazing cattle, economic models and farm surveys have shown that
there may be lower operating expenses and higher net incomes per cow compared to
confinement systems (Parker et al., 1992, 1993; Emmick and Toomer, 1991; Hanson et al., 1998;
Dartt et al., 1999).
Several factors can contribute to the profitability of grazing systems, including overall
pasture use, grazing season length, and pasture management (Shalloo et al., 2004; MacDonald et
al., 2008; Läpple et al., 2012; Ramsbottom et al., 2015). To see an increase in efficiency and
profitability in pasture-based dairy systems, a focus on increasing output through increased
pasture growth and use may be beneficial (Shalloo et al., 2010). Pasture-based systems can have
a cost-benefit in the ability to convert cheap feed in the form of grazed grass (Dillion et al., 2005)
into low-cost milk, in comparison to other feedstuffs (Finneran et al., 2010; Hanrahan et al.,
2018). Hanrahan et al. (2018) studied eight years of data originating from the Irish National
Farm Survey. The data is representative of pasture-based dairy farming in Ireland and provides
information on the output, costs, and income from 1,100 dairy farms. The authors reported that
the cost of milk production was associated with year, region, land quality, grazing system used,
weather conditions, and milk price. As an example, the researchers discussed that during periods
of high milk price, producers may choose to increase milk production of the herd through
increasing the amount of feed purchased and supplemented and in turn increasing production
costs, and vice versa in a low milk price scenario (Harahan et al., 2018).
Heat abatement
Many researchers have studied heat abatement strategies in the past 40 years, with most
studies focusing on cooling cows in confinement-based settings (Tucker et al., 2008; Bucklin et
al., 2009; Fournel et al., 2017). Cattle housed on pasture often do not have the ability to seek
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protection from climactic conditions like heat, rain, wind, or snow (Gregory, 1995). Various
management practices are aimed to reduce the negative effects of heat stress on lactating dairy
cows including, genetic selection for more heat tolerant cows, nutritional management, and
environmental modification or cow cooling strategies (Beede and Collier, 1986; Dash et al.,
2015). Altering the environment is generally easier and faster to improve welfare, production
and reproduction performances compared to the improving genetic selection for heat-tolerant
traits (West, 2003; Mader et al., 2006).
Implementing the appropriate cow cooling strategy is an important management decision
for dairy producers and can reduce the economic loss associated with heat stress. Cow cooling
strategies that are utilized in confinement settings include fans, shade, natural ventilation, and
water-cooling systems (misters, sprinklers; USDA, 2014). In 2014, 86.2% of all U.S. dairy
operations provided a covered structure or building as shade for cows. In the U.S., 25.2% of all
dairy operations have implemented mister or sprinkler systems (USDA, 2016). For cattle on
pasture, the provision of natural shade from trees, permanent or portable shade structures, or
soaker lines can be mounted onto center pivot irrigation systems to be utilized as cooling
strategies. The utilization and economic impact of cow cooling strategies for pasture-based
dairies needs to be studied to better understand the importance of implementing heat abatement
for grazing cattle.
Shade
Shade is beneficial for cattle physiologically, behaviorally, and in terms of production
(Muller et al., 1994; Widowski, 2001; Kendall et al., 2006). Cows with access to shade have
decreased RR and core body temperatures compared to cattle without shade in summer
conditions (Blackshaw and Blackshaw, 1994). When access to shade is provided, cattle will
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readily utilize it to alleviate the negative effects of the increased heat load (Roman-Ponce et al.,
1977; Schütz et al., 2008). If on pasture, cows will search for shade when ambient temperature
and solar radiation increase (Kendall et al., 2006). Cattle without access to shade may reduce
time spent grazing when environmental temperatures are high in order to seek relief from the
heat by congregating around the water tank and creating a muddy area to facilitate with cooling
(Schütz et al., 2008). Whereas cattle with access to shade do not spend time in search of shade at
the expense of grazing (Schütz et al., 2008).
Production and physiological changes can be measured to determine when an animal is
unable to adapt to a situation. Before production is compromised the animal will change
behavior patterns to alleviate the situation (Schütz et al., 2010). When cattle do not have access
to shade, they will find other means to adapt to the environment, such as spending more time
standing in response to the increased heat load and spending more time around the water trough
(Mader et al., 1997; Widowski, 2001; Nordlund et al., 2019). As ambient temperature increases,
the percent of cows drinking and grouping around the water supply is greater for unshaded cattle
compared to shaded cattle (Muller et al., 1994; Mader et al., 1997).
Natural shade from trees can vary in the ability to protect against solar radiation and wind
speed, contingent on height, spacing, and the density of various species (Hawke and
Wedderburn, 1994). When trees are intentionally planted and managed to provide adequate
shade and protection, this method of heat abatement can be useful in minimizing the negative
effects of heat stress (Gregory, 1995). However, trees can only provide shade for a portion of the
day depending on where the sun is located. When cows are crowding around a shade tree
because there is not enough shade space, this often leads to soil erosion and may expose the roots
and can damage or even kill the tree. When animals crowd together in one area, manure and
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urine will accumulate and can become a health issue and reduce the pasture fertility in the long
run (Peterson and Gerrish, 1995). When walking, natural leg movements can carry contaminants
around the surface of the udder. Cows that are standing, lying, and walking in deep mud and
manure have the potential to contract mastitis and hoof diseases (Jones and Swisher, 2009).

Schütz et al. (2010) studied how the amount of shade provided influenced the behavior and
physiology of Holstein cattle on pasture. Three treatments were applied: no shade, 2.4 m2
shade/cow, or 9.6 m2 shade/cow. The researchers reported that cows with access to the larger
amount of shade spent twice as much time in shade compared to the cows in the smaller amount
of shade (24 vs. 50% of observations for 2.4 m2 and 9.6 m2 , respectively) and engaged in a
decreased number of aggressive interactions (10.7 vs. 3.2 for 2.4 m2 and 9.6 m2 shade/cow,
respectively). When the shaded area is an adequate size, cows will spend more time in the shade
instead of competing for it. Cows with access to the 9.6 m2 shade space spent more time lying in
the shade than cows provided with the 2.4 m2 (36% and 10%, respectively). Cows with access to
the larger shade had lower RR compared to cows with the smaller shade (62, 57, and 51
breaths/min for no shade, 2.4 m2, and 9.6 m2). Roman-Ponce et al. (1977), saw that cows that were
provided shade had a decreased RR (54 and 82 breaths/min, respectively), lower rectal
temperatures (38.9 and 39.4℃, respectively), and produced 10% more milk than cows without
access to shade.
Increased water consumption in periods of heat stress may also be a method for reducing
heat load. Palacio et al. (2015), found that grazing cows with access to shade were observed at
the water trough 6.4 times less than cows without shade access and lying down up to 1.75 times
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more with no significant differences in milk production. Previous studies support these results in
that lactating cows increased their water intake (Mueller et al., 1998) and time around the water
trough (Schütz et al., 2010) when there was minimum or no access to shade with increasing heat
loads. Evaporating water from the water trough may create a more ideal microclimate and attract
the cows (Palacio et al., 2015). When cows are congregating around a water source, this can
lead to over-grazing of the area around the trough and under-grazing of other areas.
The provision of shade is one of the easiest methods of heat abatement to implement.
Shade protects against solar radiation, but may not affect air temperature or humidity around
cows in order for them to maximize their natural ability to dissipate heat (Flamenbaum et al.,
1986; Renaudeau et al., 2012). Therefore, supplementing the shade with additional cooling
strategies, such as fans or sprinklers, could enhance the cooling capabilities and further relieve
the negative effects of heat stress.
Evaporative cooling
As environmental temperatures begin to exceed 25℃, heat loss via convection is greatly
reduced, making water evaporation (sweating and panting), the main form of heat dissipation
(Flamenbaum et al., 1986). To enhance cows natural heat dissipation, providing sprinklers or
misters could be an effective method to decrease the accumulated heat load (Schütz et al., 2011).
Using water for cooling, with or without another strategy of cooling, such as fans, can be more
effective at reducing heat load than shade alone (Mitlöhner et al., 2001; Correa-Calderon et al.,
2004). Compared to shade, fans, or sprinklers alone, a combination of fans and sprinklers were
more effective at decreasing body temperature and RR due to the increase in evaporative cooling
(Igono et al., 1987; Correa-Calderon et al., 2004).
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In an Arizona study, Correa-Calderon et al. (2004) evaluated the effectiveness of two
different cooling strategies on physiological responses in the summer. The study included
Holstein and Brown Swiss cows, with a control group (no cooling) and two treatment groups
where treatment one had access to misters (cools the microclimate around the cow) and fan
cooling and treatment two had access to sprinklers (wets the cow) with fan cooling. The
researchers reported that the cows that had access to both cooling systems had reduced rectal
temperatures by 0.7℃ for the mist and fans treatment and 0.9℃ for the evaporative cooling
treatment compared to the control group. Respiration rates of the control group were 20.5
breaths/min higher than the mist and fan group, and 32 breaths/min higher than the evaporative
cooled group (Correa-Calderon et al., 2004). In the same study, the Brown Swiss cows had
lower overall rectal temperatures regardless of treatment compared to the Holstein cows. This
response could be attributable to Brown Swiss cows having a greater tolerance to heat stress due
to their lower milk production and therefore lower metabolic heat production compared to
Holstein cows. These results are conclusive with the results from other studies that Brown Swiss
cows are more heat tolerant than Holstein cows (Johnson, 1965; Armstrong and Hillman, 1998).
Schütz et al. (2011) found that, when given the option cows on pasture will choose shade
over sprinklers. Sixty-two percent of study cows chose shade over sprinklers and 65% of the
cows chose shade over no form of heat abatement. Respiration rate, skin surface temperature,
and rectal temperature were recorded before treatment and ten minutes after treatment of either
sprinklers, shade, or no heat abatement. Even though shade was preferred by cows, sprinklers
were significantly better than shade at reducing RR and decreasing skin surface temperature.
Cows that chose the to go to the sprinklers had a greater decrease in core body temperature as
heat load index, a weather measurement that includes ambient temperature, humidity, black
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globe temperature, and wind speed, increased (0.008, 0.001, and 0.0001 ℃ decrease per unit
increase of heat load index for sprinklers, shade, and ambient conditions, respectively).
Kendall et al. (2007) reported that cows cooled with sprinklers spend more time with
their heads in a low position, which could mean the cows were attempting to reduce the exposure
of water to the head. Overhead misters or sprinklers may be aversive for cows. When exposed to
wind and rain, cattle are five times more likely to hold their head in a lower position compared to
cows with shelter. This may be an attempt to provide protection to sensitive areas, such as the
ears, from being exposed (Tucker et al., 2007). Greater water flow rates from sprinklers can
cause cows to lower their head more often due to the greater water impact. Chen et al. (2016a)
found that cows lowered their head five times more often with 4.5 L/min of water compared with
0.4 L/min of water. The behavior exhibited by the cows may indicate that the cows are
attempting to avoid the greater water flow rate, but the researchers mentioned that the cows did
not avoid the greater flow rate altogether and no difference in preference occurred.
Kendall et al. (2007) studied the effects of shade and sprinklers, either alone or in
combination, on the physiological and behavioral responses of grazing dairy cows. The
researchers were specifically studying the effectiveness of the different cooling strategies when
applied for 90-min before the afternoon milking. Each treatment was applied in a holding pen.
There were four treatment groups, shade, sprinklers, shade and sprinklers, and control with no
heat abatement. Sprinklers and shade reduced RR by 60 and 30% compared to control cows.
The combination of shade and sprinklers was the most effective in reducing RR. These results
are similar to the results of another study that used sprinklers for cooling (Tarazón-Herrera et al.,
1999). Additionally, Kendall et al. (2007) explained that the cows on the shade treatment had a
decreased body temperature (by 0.3℃) compared to the control cows. Whereas, the cows under
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sprinklers had a delay in body temperature reduction, but there was a greater overall reduction in
body temperature after the 90-min treatment, compared to the control group.
Another study evaluated how and when dairy cows used a voluntary overhead water
source that was kept separate from sources such as feed, and how the use of this voluntary
shower affected physiological and behavioral indices of heat stress (Legrand et al., 2011). In this
study, a substantial amount of variability in shower use existed between animals ranging from
0.0 h to 8.2 h/24 h. As ambient temperature increased by 1℃, shower use increased by 0.3 h.
Cows showed a preference for shower use between the hours of 1000 and 1900, spending 89 ±
12% of time in the shower. Respiration rates did not differ between cows offered a voluntary
shower and the control group. However, body temperature decreased by 0.2 ℃ in the shower
treatment group compared to the control. The researchers concluded that when given the option,
cows will use a voluntary shower in order to reduce the accumulated heat load. Although, the
variability in use of the shower between the cows may indicate that the behavioral response to
water needs to be considered when designing a sprinkler system for cooling cows (Legrand et al.,
2011).
Another study evaluated how and when dairy cows used a voluntary overhead water
source that was kept separate from sources such as feed, and how the use of this voluntary
shower affected physiological and behavioral indices of heat stress (Legrand et al., 2011). In this
study, a substantial amount of variability in shower use existed between animals ranging from
0.0 h to 8.2 h/24 h. As ambient temperature increased by 1℃, shower use increased by 0.3 h.
Cows showed a preference for shower use between the hours of 1000 and 1900, spending 89 ±
12% of time in the shower. Respiration rates didn’t differ between cows offered a voluntary
shower and the control group. However, body temperature decreased by 0.2 ℃ in the shower
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treatment group compared to the control. The researchers concluded that when given the option,
cows will use a voluntary shower in order to reduce the accumulated heat load. Although, the
variability in use of the shower between the cows may indicate that the behavioral response to
water needs to be considered when designing a sprinkler system for cooling cows (Legrand et al.,
2011).
Chen et al. (2015) tested how sprinkler flow rate and the size of the water droplet affected
physiological responses (e.g. respiration rate, body temperature, skin temperature) of cows in a
hot, dry climate. The researchers stated that droplet size did not influence cooling, but flow rate
had an impact on several physiological measures. Respiration rate and skin temperature were
reduced when compared to the baseline and body temperature remained below baseline for 30min after treatment was applied. The researchers concluded that the most efficient sprinkler flow
rate, that best-balanced cow cooling and water usage, was at 1.3 L/min. At a greater flow rate, it
was not evident that cow cooling was improved further than at the 1.3 L/min flow rate (Chen et
al., 2015).
When cooling cows with misters or sprinklers, water usage can become a sustainability
concern (Von Keyserlingk et al., 2013). Decreasing rainfall, changed in precipitation patterns,
and rising temperatures may decrease the availability of potable water to use for cooling cattle
(Rosenstock et al., 2006). Sprinklers in dairy cattle barns are typically mounted above the feed
bunk and activated intermittently for the whole pen when air temperature reaches a specific
threshold that has been set by the producer. The sprinklers are activated regardless if cows are
standing under them at the feed bunk and this can lead to wasted water. Chen et al. (2016b)
reported that at flow rates of 1.3 L/min and 4.9 L/min, cows modified their behavior to maintain
time spent at the feed bunk while avoiding walking through water and getting their heads
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sprayed. Visits to the feed bunk were longer and less frequent when cows are provided with
sprinklers compared to without sprinklers. With both flow rates, cows had reduced body
temperatures, greater milk yields, and similar behavioral responses, but with the 1.3 L/min flow
rate using 73% less water compared to the 4.9 L/min flow.
The amount of time sprinklers are on to effectively and efficiently cool cattle is
important. Combining the use of repeated wetting with sprinklers and fans has proven to be the
most efficient at cooling cows compared to using only fans in regions with humid climates
(Berman, 2005). Flamenbaum et al. (1986) found that wetting cows for 20 to 30 seconds was
more effective than wetting cows for only 10 seconds. In the same study, when cows were
cooled with sprinklers 5 times/day, for 30 min each cooling period, body temperatures stayed
below 39℃ for 24 hrs. A common sprinkler timing schedule may include a 5-minute long cycle,
with 30 seconds of wetting the cows and 2.5 min of forced ventilation (fans). Flamenbaum et al.
(1986) reported that five to seven cooling sessions (sprinklers and fans) each day for 30 to 45
min each positively influenced milk yield during periods of heat stress. In another study,
applying eight cooling sessions each day improved reproductive parameters (shorter estrous
cycle, shorter follicle dominance period, and decreased chance of an older follicle ovulating)
compared to only five cooling sessions (Honig et al., 2016).
Tresoldi et al. (2018) conducted a study to evaluate the cooling effectiveness of four
different water spraying strategies, using two water volumes (74 or 44 L/nozzle) over a 45-min
period. The water spraying strategies used were, 1.5-min on; 3-min off, 10 cycles; 1.5-min on;
6-min off, 6 cycles; 3-min on; 6-min off, 5 cycles; and 3-min on; 12-min off, 3 cycles with a
control treatment group that had access to shade only. The researchers measured body
temperature, respiration rate, skin temperature of the leg and shoulder, and the air temperature
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surrounding the cow. Compared to the control group, all sprinkler treatments reduced heat load.
Applying water to the cows more frequently reduced respiration rate by 7 breaths/min. When the
time the sprinklers were on increased from 1.5-min to 3-min, body temperature was reduced by
at least 0.1℃ and leg temperature by ≥ 0.2℃ after the 45-min period. Increasing the time
sprinklers were kept on or decreasing the time sprinklers were turned off improved cow cooling
in this study (Tresoldi et al., 2018).
In a grazing system during summer, body temperatures of cows reach a maximum during
and after the P.M. milking (Kendall et al., 2007). Cooling cows in the holding pen can help
alleviate the accumulated heat load from walking to the milking parlor. When cattle are cooled
with fans and sprinklers for 20 to 30 min in the holding pen after walking to the milking parlor,
body temperature and respiration rate may be reduced for a short period (Valtorta and Gallardo,
2004). Araki et al. (1985) reported that when cows were cooled with fans and sprinklers in the
holding pen before milking, body temperature was reduced for 2 to 4 h after milking compared
to cows that received no cooling in the holding pen. In hot weather, shade and sprinklers can be
used in the holding pen to reduce the effects of heat stress on dairy cows.
Conclusions
Managing heat stress in the southeast U.S. is a challenge (West, 2003). This region experiences
high ambient temperatures and humidity for 4 to 6 months every year causing a major strain on
lactating dairy cows. Effects on performance include reduced milk yield, reduced fertility, and
decreased milk quality which all lead to decreased profit for dairy producers. By physically
modifying the cow’s environment with shade, misters, fans, and/or sprinklers, these heat
abatement methods could help alleviate the negative effects that are associated with heat stress.
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Various cooling systems have been evaluated in a confinement dairy setting, but minimal research
has been conducted on assessing cooling systems on pasture-based dairies.
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Introduction
Environmental temperatures have increased by 1.0℃ since the 1800’s and are expected
to continue to increase by another 1.5℃ between 2030 and 2052 (Intergovernmental Panel on
Climate Change, 2018). Heat stress is defined as the sum of internal and external forces that act
on an animal and causes an increase in body temperature and evokes a physiological response
(Yousef, 1985). Managing heat stress has become more of a challenge than ever due to dairy
cows producing more milk and thus having greater metabolic activity (Polsky and von
Keyserlingk, 2017). Welfare, reproduction, and milk production can be negatively affected
when dairy cattle experience heat stress. The southeastern region of the United States is
especially vulnerable to extended periods of hot weather with intense solar radiation and a high
relative humidity. Dairy cows in southern latitudes spend nearly 4 to 6 months in a state of heat
stress (West, 2003).
Temperature humidity index (THI) is used to summate the intensity of heat exposure on
dairy cows by including values for both ambient temperature and relative humidity (Mader et al.,
2006; Bohmanova et al., 2007; Morton et al., 2007). Lactating cows experience heat stress at a
THI ≥ 68 (Collier et al., 2012). However, the duration, intensity, and previous experience with
heat stress can alter an animal’s response both physiologically and behaviorally
(Ratnakaran et al., 2017). Factors that can contribute to the severity of heat stress response
include level of production, disease, age, body condition, and hair coat characteristics like
percent of black hair and hair thickness (Collier et al., 2019).
Heat stress contributes to a milk production loss of up to 2,072 kg/cow/year or a 15%
decrease from summer to winter months for dairy cows in the southeastern U. S. (St-Pierre et al.,
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2003; De Vries and Risco, 2005). The decrease in milk production from heat stress alone
contributes to a $1.2 billion annual loss for the U.S. dairy sector (Key et al., 2014). Data on the
changes of protein and fat content as a result of heat stress is conflicting, with authors reporting
either a reduction, increase, or no change in components (Roman-Ponce et al., 1977; Knapp and
Grummer, 1991; Lacetera et al., 2003). Somatic cell count peaks during summer months in the
southeastern U.S., which may indicate a higher prevalence of intramammary infections (Lievaart
et al., 2007). Decreased milk production and increased SCC in summer months can contribute to
seasonal trends in milk production and result in economic burdens for dairy producers (St-Pierre
et al., 2003; Tao et al., 2018).
Due to economic, environmental, and animal welfare concerns, the dairy industry in
many regions of the world has been moving towards pasture-based dairy systems (Knaus, 2015).
Pasture-based dairies can be economically competitive with confinement-based operations
(White et al., 2002). Managing pasture-based dairy systems can be challenging due to factors
such as keeping up with the quantity and quality of available forage in pastures and providing
appropriate protection for cows from harsh weather conditions (e.g. heat, rain, snow, wind)
(Delahoy et al., 2003). Providing shade for cattle on pasture can decrease body temperature
(Ingraham et al. 1979; Muller et al. 1994; Davison et al. 1996).
Heat loss via conduction, convection, and radiation is greatly reduced when THI ≥ 68,
therefore water evaporation (e.g. sweating and panting) becomes the main form of heat
dissipation (Flamenbaum et al., 1986). To enhance the cows’ natural water evaporation
dissipation, providing sprinklers could be an effective method to decrease the accumulated heat
load (Schütz et al., 2011). Using water for cooling, with or without another strategy of cooling,
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such as fans, has proven to be more efficient in reducing heat load compared to shade alone
(Seath and Miller, 1948; Mitlöhner et al., 2001; Correa-Calderon et al., 2004).
Various cooling systems have been evaluated in a confinement dairy setting, but minimal
research has been conducted on assessing heat abatement on pasture-based dairies. Therefore,
the objective of this study was to evaluate the physiological effects of heat stress of grazing dairy
cattle using shade or sprinklers by comparing milk production, respiration rate, reticulorumen
temperature, milk fat percent, milk protein percent, somatic cell score, udder hygiene score, and
body condition score.
Materials and Methods
This experiment was conducted at the Mississippi State University Bearden Dairy
Research Center in Starkville, MS from July 1, 2020 to August 8, 2020. All animals were
treated according to IACUC standards and protocols for Mississippi State University (IACUC19-227). A randomized experimental design was utilized with three treatments. The treatments
consisted of control (CON, no heat abatement), shade (S, portable shade structure with 80%
protective shade cloth; Shade Cloth Store, Mundelein, IL), and sprinklers (SP, polyvinyl chloride
(PVC) sprinkler system, 3 m high; Figure 2.1). The study consisted of nine pens, with each
treatment replicated three times. Each shade pen had one shade structure that provided each cow
with 4.6 m2 of shade space (Higgins et al., 2011). The shade structures were moved around each
of the pens 4 times a week to prevent a muddy environment underneath. Each sprinkler pen had
two sprinkler systems and provided each cow with 6 m of sprinkler space.
From data collected over the past 11 years, July and August are the two hottest months in
Starkville, with an average low of 21.1 ℃ and an average high of 33℃ (U.S. Climate Data,
2020). The THI was expected to be consistently ≥ 68 during the study, and therefore the
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sprinklers stayed on throughout the duration of the experiment. The sprinklers were rotated
around each of the pens 3 times a week.

Figure 2.1

Polyvinyl chloride (PVC) pipe sprinkler system (3 m tall) with a shrub sprinkler
nozzle on each end (4.57 m water spray distance each)

All treatment pens included two pregnant lactating Holstein cows and one pregnant
lactating Jersey cow (n = 27). All cows were in their second trimester. Table 2.1 depicts the
mean parity, DIM, and days in gestation for each treatment pen. All groups walked 630.94 m to
the parlor twice each day at 0330 and 1530. When waiting in the holding pen to be milked, all
cows had access to shade. Cows in all treatment groups had access to water ad libitum and were
88

fed the same concentrate ration at 15.11 kg/head/d after each milking (Table 2.2; Ware Milling,
Houston, MS).
Table 2.1

Mean ± standard deviation for parity, days in milk, days in gestation, and somatic
cell count at the start of the study for each treatment pen (n = 9)1
Treatment

P-value

Variable

Control

Shade

Sprinkler

Control vs.
Shade

Control vs.
Sprinkler

Shade vs.
Sprinkler

Parity

2.22 ±
0.16

2.66 ±
0.47

2.22 ±
0.16

0.47

1.0

0.47

Days in milk

208.22 ±
29.83

202.33 ±
3.78

183.99 ±
33.71

0.98

0.66

0.79

Days in
gestation

104.55 ±
9.70

95.11 ±
17.89

81.77 ±
11.68

0.83

0.35

0.69

Somatic cell
count (100
calls/mL)

111.0 ±
196.14

163.83 ±
349.13

47.56 ±
83.28

0.79

0.71

0.33

1

Treatment pen: Control = no heat abatement; shade = portable shade structure with 80%
protective shade cloth; sprinkler = portable, 3 m tall, polyvinyl chloride pipe sprinkler system
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Table 2.2

List of ingredients in the pelleted concentrate ration that was fed to all cows
throughout the study

Ingredient

Percent

Ground corn

39.00

20% high fiber dairy pellet

28.97

Cottonseed hulls

10.17

Dried distillers grain

8.13

Soybean meal

6.75

Molasses

3.13

Feed grade limestone

1.63

Sodium bicarbonate

1.25

Clear mixing salt

0.63

Magnesium oxide

0.16

Clarifly .67%

0.07

Beef and dairy vitamin mix

0.06

Vitamin A, D, E premix

0.03

Zinpro Avalia 4

0.03

Vitamin E 50%

0.005

The study took place on a 7.39 ha pasture. The east side of the pasture was divided into
five 0.40 ha pens and the west side of the pasture was divided into four 0.40 ha pens (Figure
2.2). Pens were divided using electric fence wire (0.16 cm Poly Wire, Gallagher USA Electric
Fencing, Riverside, MO). All pens were planted with Hybrid Pearl Millet (Tifleaf III; 9.1 kg/ha;
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Wax Company Inc., Amory, MS). Cows were housed in a freestall barn on the same farm before
the acclimation period began. Sixteen days before study start, cows were gradually acclimated to
pasture with access to shade and acclimated to the concentrate ration. The acclimation pasture
was in a separate location from where the treatment pens were located. No cows grazed
treatment pastures before study start.
A grazing stick was used to measure forage height in each treatment pen one day before
study start and once per week during the study. Walking in a zig-zag pattern, forage was measured
from 9 different locations throughout the pen and averaged to calculate mean forage height for
each pen. If forage height was grazed to an average of 18 cm or less, the specified treatment pen
was expanded by 12 m in one direction to provide optimal grazing space. All pens that were
expanded 12 m in one direction were shortened by 12 m on the opposite side to keep all pastures
the same size. Sprinkler pen 1 and sprinkler pen 2 were expanded according to the above
description on July 13, 2019 and July 27, 2019, respectively. Cows in control pen 6a were all
moved to control pen 6b on July 7, 2019 due to flooding that occurred from the run-off created by
the two sprinkler pens located up a slight slope to the north of pen 6a (Figure 2.2).
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Figure 2.2

Drawing of the treatment pen setup and the path used to walk to the milking parlor
1,2,3

1

All treatment pens were 0.4 ha with all cows using the same path (630.94 m) to walk to the
milking parlor
2
Sprinkler pen 1 and sprinkler pen 2 were both expanded by 12 m on one side to increase forage
availability (indicated by red arrows), and space was decreased on the opposite side to keep pen
at 0.4 ha
3
Cows in control pen 3a were all moved to control pen 3b on July 7, 2019 due to flooding that
occurred from the run-off of sprinkler pen 2 and sprinkler pen 3 that were located up a slight
slope to the north of control pen 3a

The temperature and humidity was measured at 10-min intervals using weather stations
with data loggers located centrally between the treatment pens (Vantage Vue, Davis Instruments,
Hayward, CA) (WeatherLink® USB data logger, Davis Instruments, Hayward, CA).
Temperature humidity index was calculated to measure thermal comfort of cows using the
following equation from Mader et al. (2006) where temp℃ = ambient temperature in ℃ and
HUM = relative humidity.

92

0.8*temp℃ + [(HUM/100) * (temp℃-14.4)] + 46.4
(2.1)

Physiological variables
Reticulorumen boluses (SmaXtec, Graz, Austria) recorded reticulorumen temperature
(RT) for all cows every 10 min. Respiration rates (RR) were visually observed by recording the
time in seconds to take 10 full breaths by watching flank movements, then converted to
breaths/min by using the following equation: 60 * (10/seconds collected) (Brown-Brandl et al.,
2005; Tresoldi et al., 2018). The same three days each week (Monday, Wednesday, Friday), all
cows were observed 3 times/day for two-hour periods at 0630 to 0830, 1100 to 1300, 1600 to
1800. Two trained researchers observed RR throughout the study. Before the study started, both
researchers practiced observing RR together for 2 weeks to ensure similarity between each
observation. One researcher observed RR for 2 d each week and the other researcher observed
RR for 1 d each week. Body condition score (BCS) as described by Ferguson et al. (1994) and
hygiene score (HS) as described by Schreiner and Ruegg (2002) were collected once weekly.
For hygiene scoring, a score of 1 represented udder and legs that were free from dirt, 2
represented slightly dirty udder and legs and 2% to 10% of the areas were covered with dirt, 3
represented moderately dirty udder and legs with 10 to 30% of the area covered with dirt, and 4
represented > 30% of the udder and legs were covered with dirt. Automated milk yields (MY;
kg/d) were recorded for every cow at each milking (Dairyplan DP5, Westfalia Surge, GEA).
Milk samples were collected once per week and shipped to Mid-South Dairy Records
(Springfield, MO) for analysis of milk components (FAT and protein (PRO), %) and SCC.
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Somatic cell count was log transformed to somatic cell score using the equation below to fit the
Gauss normal distribution (Ali and Shook, 1980).

SCS = 1000 + 100 ∗ (log2(SCC/1000))

(2.2)

Heat stress scoring
The study was planned for 60 d unless the cows were judged to experience repeated
episodes of severe heat stress. As identification of severe heat stress is to some degree subjective,
the researchers created a heat stress scoring system based on aspects of other scoring systems (U.
S. Meat Animal Research Center, 2017; Woolums et al., 2018) and the veterinary experience of
the second author. This scoring system was used to score all cows three times each day. The heat
stress scoring system used respiration rate and various behavioral measures to assess the cow’s
level of heat stress (Table 2.3). The scoring system ranged from 0 to 4, where 0 = RR of 0 to 79
breaths/min; 1 = RR of 80 to 99 breaths/min, increased time spent standing, slight drooling, and
restlessness; 2 = RR of 100 to 119 breaths/min, excessive drooling or foaming, lethargic, but looks
more alert when approached, head carriage low, and most animals in pen are standing; 3 =
increased breathing effort, RR ≥ 120 breaths/min, open mouth breathing or panting with tongue
protruding, possible drooling, head carriage low, lethargic, and may not look more alert when
approached; 4 = moribund, open mouth breathing with tongue protruding, breathing is labored and
RR may decrease, pushing from flank when breathing, not necessarily drooling, individual animals
may be isolated from others.
Heat stress score was not used in the analysis; rather, it was used to provide a standardized
means of assessing when an animal might warrant removal from the study to prevent excessive
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animal suffering and risk to animal health or life. The same observer scored all cows at all scoring
periods to maintain consistency. If a cow had a score of 3 on any day, the researcher would rescore the cow 1 h later. If the cow remained a 3 or was scored a 4 in the second scoring, the second
author (a veterinarian) was called to examine the cow. A heat stress score of 4, determined by the
scorer or veterinarian, warranted immediate removal from the study. This was considered an
emergency and any animal experiencing this was to be moved to the freestall barn and treated in
the manner deemed necessary by the veterinarian. If the veterinarian scored the cow a 3 after
being called, the cow would remain on the study. However, these cows were taken to the holding
pen and hosed off with cold water to cool them in order to prevent them from advancing to a score
of 4. If any cow received a score of 3 for three consecutive scoring times, she was removed from
the study. To balance the importance of both sample size and animal welfare, the removal of three
cows from any one treatment (CON, S, or SP) was set as a pre-determined point before the study
began to warrant ending the study prior to the 60 d.
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Table 2.3

The heat stress scoring system used to assess the severity of heat stress for all cows
on the study when subjected to different heat abatement (control, shade,
sprinkler)1,2

Heat stress score
0
1

Respiration rate (breaths/min)
0 to 79
80 to 99

Behaviors observed
No signs of heat stress
Increased standing time
Slight drooling
Restlessness
2
100 to 119
Excessive drooling or foaming
Lethargic, but looks more
alert when approached
Head carriage low
Most animals in pen are
standing
3
≥ 120
Increased breathing effort
Open mouth breathing or
panting with tongue
protruding
Possible drooling
Head carriage low
Lethargic and may not look
more alert when approached
4
May decrease
Moribund
Breathing is labored
Open mouth breathing with
tongue protruding
Pushing from flank to breathe
Not necessarily drooling
Individual animals may be
isolated
1
Scoring system was used as a means of assessing when an animal might warrant removal from
the study to prevent excessive animal suffering
2
Control = no heat abatement; shade = portable shade structure with 80% protective shade cloth;
sprinkler = portable 3 m tall, polyvinyl chloride pipe sprinkler system
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Statistical Analysis
The MEANS procedure of SAS version 9.4 (SAS Institute Inc., Cary, NC) was used to
calculate the average daily RR and RT for each cow and THI during the study period. Morning
and afternoon milk yields were summed per cow per day. Percent of milk fat, PRO, SCS, BCS,
and HS data was only collected once per week and therefore was used for that entire study week
in the analysis. Linear mixed models with day as a repeated measure were constructed using the
MIXED procedure of SAS version 9.4 (SAS Institute Inc., Cary, NC) to evaluate the main
effects of treatment (TRT), parity, breed, and all 2-way interactions on MY, RR, RT, FAT,
PRO, SCS, HS, and BCS. Cow nested within pen was used as a random variable to account for
pen being the experimental unit (n = 9). Temperature humidity index and DIM were used as
covariates in the models. For the models evaluating FAT, PRO and SCS, milk yield was added
as a covariate. Hygiene score was added into the model for SCS, and SCS was added into the
model for HS. Stepwise backward elimination was used to remove nonsignificant interactions
(P ≥ 0.05). All main effects remained in each model regardless of significance level.
Comparisons of treatments using LSMEANS and adjusted using the TUKEY method were
conducted. The autoregressive(1) covariance structure was selected based on the least Akaike
information criterion. Statistical significance was considered at P ≤ 0.05.
Water intake, water quantity, and water temperature can affect reticulorumen
temperature. The time required to return to basal reticuloruminal temperature varies widely
among previous studies ranging from 20 min to over 3 h (Brod et al., 1982; Yamada et al., 2001;
Bewley et al., 2008). To account for drinking bouts the procedure of Liang et al. (2013) for
removing reticulorumen temperatures was used. If any RT data point was > 2 SD away from
each cow’s individual rolling 4 h mean, that value and all values 90 min after the decrease in RT
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were to be excluded from the analysis. However, none of the RT data points were removed for
this study because all values were < 2 SD away from the rolling mean. The researchers used 90
min as a marker to remove RT because water temperature was likely not cold enough to
contribute to a sharp decrease in RT. Water temperature was not recorded in this study, but
water hosing and drinking water for each pen was not cooled, likely making it close to ambient
temperature. Water intake was measured, but due to the cows splashing water out of the water
tanks consistently, the data could not be used.
Forage nutritive values between treatments were tested for potential significant
differences that could impact production by using the GLM procedure of SAS version 9.4. The
nutritive values of the treatments were compared using LSMEANS. Statistical significance was
considered at P ≤ 0.05.
Results and Discussion
Cows removed from study
Treatments were applied and data collection started on July 1, 2019 and ended August 8,
2019 (39 d of data collection). Due to receiving a heat stress score of 3 on three consecutive
measurements, as described in the Materials and Methods, two cows were removed from the study
on d 31 (one control pen 3 cow and one shade pen 2 cow). For the same reason, two more cows
were removed on d 38 of the study (one control pen 1 cow and one shade pen 2 cow), again for
receiving a heat stress score of 3 on three consecutive measurements. On d 39 of the study, 2 more
cows met the standards of a severe heat stress concern and were removed (two control pen 2 cows).
Due to three cows being removed from the control group, the study concluded on the afternoon of
August 8, 2019. No cows received a heat stress score of 4 throughout the duration of the
experiment. Two cows (1 cow in S and 1 cow in SP) aborted on July 14 and on approximately
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July 17, 2019, respectively. Both cows were examined by a veterinarian and were approved to
stay on the study. The cause of the abortion could not be determined.
Forage nutritive values for each treatment are depicted in Table 2.2. No significant
difference existed between any of the treatments for any of the nutritive values measured.

Table 2.4

Nutritive value analysis for Hybrid Pearl Millet (Tifleaf III) for the three
treatments (control, shade, sprinkler)1,2
Treatment

Variable

Control

Shade

P-value
Sprinkler

Control
vs.
Shade

Control
vs.
Sprinkler

Shade
vs.
Sprinkler

DM, %

23.9 ± 4.9

22.0 ± 2.5

23.0 ± 2.5

0.84

0.96

0.96

CP, %

13.5 ± 2.1

16.8 ± 2.6

17.4 ± 0.7

0.23

0.15

0.96

ADF, %

26.4 ± 3.0

26.5 ± 4.0

26.5 ± 4.0

0.84

1.0

1.0

aNDF, %

52.7 ± 3.3

50.9 ± 0.8

50.0 ± 4.3

0.82

0.64

0.95

NFC, %

21.6 ± 2.4

20.0 ± 2.8

20.4 ± 3.4

0.83

0.89

0.99

TDN, %

57.8 ± 1.1

58.3 ± 0.5

58.6 ± 0.9

0.77

0.53

0.92

NEL,
Mcal/lb

0.56 ± 0.03

0.57 ± 0.00

0.58 ± 0.02 0.80

0.62

0.95
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1

Mean ± SD for each treatment (control = no heat abatement; shade = portable shade structure
with 80% protective shade cloth; sprinkler = portable 3 m tall, polyvinyl chloride pipe sprinkler
system)
2
DM = dry matter %; CP = crude protein %; ADF = acid detergent fiber %; aNDF = ash free
neutral detergent fiber %; NFC = non-fiber carbohydrates %; TDN = total digestible nutrients %;
NEL = net energy for lactation Mcal/lb
Climactic conditions
The mean THI during the study was 76.81 ± 4.99 with a maximum THI of 88.11 on
August 7, 2019 and minimum of 61.81 on July 16, 2019. On July 13, 2019, hurricane Barry
made landfall 632.31 km south of Starkville, MS on the Gulf Coast of Louisiana. Throughout the
study, Starkville received 28.7 cm of rainfall, with 27.13 cm occurring in July. Starkville
received 17.9 cm more rainfall for the month of July compared to the average July rainfall for
the past 5 years (U.S. Climate Data, 2020).
Milk production
Milk yield was significantly greater for SP compared to S (P < 0.01) and CON (P <
0.01), and S cows had a significantly greater (P = 0.01) milk yield compared to CON cows
(Table 2.4; 32.18 ± 1.49, 28.31 ± 1.26, and 24.99 ± 0.99 kg/d for SP, S, and CON, respectively).
On average, cows in S produced 3.32 kg/d (11.73%) more milk compared to cows in CON. This
is similar, but even more pronounced, compared to the results from Collier et al. (1981) and
Collier et al. (1982) in which cows with access to shade experienced a 6% to 10% higher milk
production compared to cows without shade access. Additionally, cows in the SP group
produced 3.87 kg/d (12.02%) more milk than the cows in S and 7.19 kg/d (22.34%) more milk
than cows in CON. This could be because shade protects against solar radiation, but may not
affect air temperature (Flamenbaum et al., 1986). Therefore, the cows in S were experiencing
heat stress to a similar level as CON cows.
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Shade can be beneficial, but cooling with water may be more efficient in decreasing heat
load compared to shade (Seath and Miller, 1948; Mitlöhner et al., 2001; Correa-Calderon et al.,
2004). This was found in the results from the present study where SP cows produced 3.87 kg
more milk per day compared to S cows. Schütz et al. (2011) explained that despite the
advantages that sprinklers may provide, grazing dairy cows in a New Zealand study preferred
shade over sprinklers and no cooling. Cows under sprinklers had a decreased body temperature
and respiration rate compared to cows in shade or cows with no heat abatement. Furthermore,
shade use increased with ambient temperature by 12% for every 1℃ (Schütz et al., 2011).
The interaction of DIM × breed had a significant effect on daily milk yield (Figure 2.3; P
< 0.01). Stage of lactation plays an important role in the severity of heat stress and the amount of
milk lost (Tao et al., 2018). As DIM increased, milk production decreased for all treatment
groups and breeds. Researchers have reported that as parity increases, cattle become more
sensitive to thermal stress due to increased milk production (Dematawewa and Berger, 1998;
Kadzere et al., 2002). However, in the current study no differences were exhibited between
primiparous and multiparous cows for milk production. This could be due to both the
primiparous and multiparous cows on this study having a similar milk production level.
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Table 2.5

Effects of the three treatments on the variables measured. Data represents
estimates from the LSMEANS analysis1,2,3
Mean ± SE

Variable

Control

Shade
a

28.31 ± 1.26

Sprinkler
b

32.18 ± 1.49 c

Milk yield (kg/d)

24.99 ± 0.99

Milk fat (%)

3.41 ± 0.16 a

3.31 ± 0.22 a

2.67 ± 0.25 b

Milk protein (%)

3.13 ± 0.05 a

3.08 ± 0.05 b

2.97 ± 0.07 b

Somatic cell score

2.83 ± 0.43 a

2.41 ± 0.59 a

0.0 ± 0.78 b

Hygiene score

3.01 ± 0.13 a

2.40 ± 0.18 b

1.39 ± 0.23 c

1

Mean ± standard error (SE)
Different superscripts represent a significant difference between treatments for the respective
variable (P ≤ 0.05)
3
Control = no heat abatement; shade = portable shade structure with 80% protective shade cloth;
sprinkler = portable 3 m tall, polyvinyl chloride pipe sprinkler system

Average daily mik yield, kg/d

2

Figure 2.3
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Respiration rate
Respiration rate has been used as an indicator of heat stress for many years and is viewed
as one of the most sensitive indicators of heat stress (Shultz, 1984). Severe stress is determined
when RR ≥ 120 breaths/min (Hahn et al., 1997). In this study, RR ranged from 18 to 145
breaths/min, indicating that severe heat stress was experienced for at least some cows at some
point during the study period. As THI increased, RR increased significantly for all treatment
groups (P < 0.01). Cows in SP had a significantly lower (P < 0.01) RR compared to S and CON
(Table 2.5; 77.90, 104.23, and 101.27 breaths/min, for SP, S, and CON, respectively).
Surprisingly, no significant differences in RR existed between CON and S (P = 0.41). Kendall et
al. (2007) reported that sprinklers and shade reduced respiration rates by 60 and 30%,
respectively, compared to cows with no heat abatement. Tarazón-Herrera et al. (1999) reported
similar results to Kendall et al. (2007). This study took place in Mississippi, where a high
relative humidity is common throughout the year. The mean humidity during the study was
84.29 % ± 14.14 %. With access to shade, cows can be protected from direct solar radiation and
the air temperature may slightly decrease, but the relative humidity will stay the same. Due to
the high relative humidity (85.33 ± 14.19 %) S cows may have been experiencing more severe
heat stress. The interactions of treatment × parity, treatment × DIM, and breed × DIM were
associated with respiration rate (P < 0.01 for all). Primiparous cows in both CON and SP had
significantly higher RR (P < 0.01; 108.40 and 86.92 breaths/min, respectively) compared to
multiparous cows in CON and SP (94.14 and 68.88 breaths/min, respectively). Primiparous and
multiparous cows in S were not different (P = 0.98). Some researchers have reported that
primiparous cows suffer less from heat stress compared to multiparous cows because they
generate less metabolic heat, have a greater surface area compared to internal body mass, and
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produce less milk (Armstrong, 1994; West, 1999; Aguilar et al., 2010). Multiparous cows in SP
had a lower RR compared to multiparous cows in CON and S by 25.26 and 34.51 breaths/min (P
≤ 0.01). As DIM increased, RR slightly increased for CON and SP cows (Figure 2.4). Whereas
cows in S, when DIM increased RR slightly decreased. Jersey cows had a higher respiration rate
compared to Holstein cows in all treatments (P < 0.01; 102.01 ± 1.53 and 86.93 ± 1.51,
respectively). This is in agreement with past researchers, who suggested that this could be
attributed to the Jersey cows’ ability to dissipate heat more efficiently than Holstein cows (Kibler
and Brody, 1950; Collier et al., 1981; Legates et al., 1991; Srikandakumar and Johnson, 2004).
For Jersey cows, RR stayed consistent as DIM increased. For Holstein cows, as DIM increased,
RR increased. Cattle exposed to environmental stressors can acclimate to conditions quickly
(Prosser and Brown, 1969; Collier et al., 2019). When hot conditions are prolonged, like in the
summer months in the southeastern U.S., acclimatization is induced. Acclimatization is a
process that takes several days to weeks to occur and is activated by homeorhetic mechanisms,
whereas acclimation is activated by homeostatic mechanisms (Collier et al., 2019). Jersey cows
on this study may have acclimatized sooner in the study compared to the Holstein cows, and
therefore became more fit to the environmental stressors present.
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Table 2.6

Effects of the three treatments on the variables measured. Data represents
estimates from the LSMEANS analysis1,2,3

Variable
Respiration rate
(breaths/min)

Control
101.27 ± 1.61 a

Mean ± SE
Shade
104.23 ± 2.04 a

Reticulorumen
temp. (℃)

39.79 ± 0.09 a

39.47 ± 0.09 b

39.60 ± 0.13 ab

Body condition
Score

2.79 ± 0.04 a

2.40 ± 0.06 b

2.32 ± 0.08 b

1

Sprinkler
77.90 ± 2.60 b

Mean ± standard error (SE)
Different superscripts represent a significant difference between treatments for the respective
variable (P ≤ 0.05)
3
Control = no heat abatement; shade = portable shade structure with 80% protective shade cloth;
sprinkler = portable 3 m tall, polyvinyl chloride pipe sprinkler system
2
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Respiration rate, breaths/min
Figure 2.4
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Body condition score
The degree and duration of the heat stress experienced may influence body condition score
because it can result in decreased nutrient intake (West, 2003). When a cow has a greater BCS,
the rate of heat loss from the body is limited by the slow conduction through a thick
subcutaneous fat layer compared to cows with lower BCS (Tarlochan and Ramesh,
2005). Therefore, cows with greater BCS may be more severely affected by heat stress.
When balancing treatment pens before the start of the study, BCS was not included.
Body condition score at the start of the study was 2.89 ± 0.19 for CON, 3.15 ± 0.23 for
S, and 2.75 ± 0.07 for SP. No significant difference in BCS existed between treatment
groups at study start. Figure 2.5 depicts the mean BCS for each treatment one week
before study start and over the course of the study. No significant differences in BCS
occurred one week before study start (week -1) or during weeks 1, 2, 3, or 5. In study
week 4, SP cows had a significantly lower BCS compared to S cows ( P = 0.02; 2.61 ±
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0.14 and 2.94 ± 0.14 for SP and S, respectively). This result could be attributable to the
greater milk production of the SP cows compared to the S cows. Cows that produce a
greater amount of milk are using more energy for milk production rather than for energy
reserves (Mishra et al., 2011). No difference occurred in BCS between CON a nd S or
CON and SP for week 4. In this study, TRT, breed, parity, DIM, and THI influenced
BCS. Cows in CON had a significantly greater BCS ( P < 0.01 for both; 2.79 ± 0.04)
compared to S and SP cows (Table 2.5; 2.40 ± 0.06 and 2.32 ± 0.08, respectively). This
is the opposite of what the researchers expected, but the study may have been too short
for poor heat dissipation to significantly impact BCS. No differences in BCS existed
between S and SP cows (P = 0.49). Control cows had a greater BCS compared to SP
cows, which could have contributed to the higher RR of CON cows compared to SP
cows. Tapki (2012) reported that Holstein steers with an increased BCS (BCS > 3) had
an increased RR compared to steers with a medium BCS (BCS 2 to 3) and a low BCS
(BCS < 2) when experiencing heat stress. Mean BCS for all cows on the study was
between 2 and 3.25, and therefore may not have had an influence on RR. Holstein cows
had a lower BCS compared to Jersey cows (2.44 ± 0.07 and 2.56 ± 0.04, respectively; P
< 0.01). Holstein cows have increased maintenance requirements dissipate accumulated
heat loads in periods of heat stress compared to Jersey cows (NRC, 2001; Baumgard and
Rhoads, 2013). In turn, this may have caused Holstein cows to lose more body condition
throughout the study compared to Jersey cows. For all treatments, as DIM increased,
BCS slightly increased. This result is in agreement with past research (Markusfeld et al.,
1997; Roche and Berry, 2006; Berry et al., 2007). Multiparous cows had a lower BCS (P < 0.01)
compared to primiparous cows (2.45 ± 0.05 and 2.56 ± 0.05). Multiparous cows typically have a
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greater milk yield and have a larger body surface area compared to primiparous cows. In addition,
energy requirements of multiparous cows are greater than primiparous cows which may have led
to multiparous cows losing body condition throughout the study. As mentioned earlier in the
results, two cows aborted during the study and both were primiparous cows. Those cows were no
longer pregnant, and in-turn had decreased maintenance requirements while eating the same diet
as the other pregnant cows on the study.

Body condition score
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Average body condition score of the three treatments for one week before study
start (week 1) and for each week of the study (week 2 to week 6)1
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Error bars represent ± SD; asterisk (*) represents a significant difference between the shade a
sprinkler group in week 5 (P = 0.02)
Reticulorumen temperature
Reticulorumen temperature can be an effective method to measure core body temperature
without human intervention (Prendiville et al., 2002; Bewley et al., 2008; Small et al., 2008).
Cattle exhibit seasonal variations in body temperature reflective of ambient temperature (Fordham
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et al., 1988). Measuring body temperature continuously throughout the day can be advantageous
due to the fluctuations in environmental temperature in a 24 h period. In this study DIM, breed,
and THI had a significant influence on RT (P < 0.01 for all). Shade cows had significantly lower
RT (P < 0.01; 39.40 ± 0.10 ℃) compared to CON cows (Table 2.5; 39.89 ± 0.08 ℃). No
significant differences in RT occurred between CON and SP (P = 0.40) or S and SP cows (P =
0.21). In agreement with these results, Davison et al. (1988) reported that cows provided shade
access while on pasture had a lower body temperature than those without shade. In this study,
shade cows had access to a shade structure with an 80% ultraviolet light protectant shade cloth that
provided relief from direct solar radiation, whereas the CON and SP cows had no access to shade,
which could have contributed to a higher RT.
Breed-specific physiological responses to environmental conditions can occur because of
differences in body size, skin color, sweating rate, respiration rate, and heat production (Finch,
1986; Kadzere et al., 2002). Liang et al. (2013) and Smith et al. (2013) explained that a Jersey
cow's ability to maintain a lower RT may provide some advantage over Holstein cows under
conditions of heat stress. Similarly, Jersey cows in the present study had a significantly lower
mean RT (P < 0.01; 39.51 ± 0.06 ℃) compared to Holstein cows (39.77 ± 0.08 ℃).
As DIM increased, RT slightly decreased for cows in all treatment groups. Following the
lactation curve, as DIM increases, milk production gradually decreases which is followed by a
decreased metabolic activity (Macciota et al., 2005). In turn, RT may have been decreased due to
the lower metabolic activity required of the animals with greater DIM. The interaction of treatment
× parity also significantly influenced RT (P < 0.01). No differences in RT were observed between
primiparous and multiparous cows in CON or S (P = 0.06 and P = 0.56, respectively). Multiparous
cows in SP had a 0.52 ℃ increase in RT compared to primiparous cows in SP (P = 0.02).
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Multiparous cows may be less heat tolerant due to a higher DMI, higher milk yield, and in turn a
greater metabolic heat production compared to primiparous cows (Collier et al. 2006). Primiparous
cows in CON had the greatest RT (40.07 ℃ ± 0.12 ℃) compared to S and SP primiparous cows
(P < 0.01; P = 0.03; 39.49 ℃ ± 0.13 ℃ and 39.36 ℃ ± 0.20 ℃ for CON, S, and SP, respectively).
Multiparous cows in S (39.32 ℃ ± 0.10 ℃) had the lowest RT compared to multiparous cows in
both CON and SP (P < 0.01 for both; 39.70 ℃ ± 0.09 ℃ and 39.88 ℃ ± 0.10 ℃).
The researchers expected cows in CON to have the greatest RT (39.89 ± 0.08 ℃) compared
to cows in S and SP (39.40 ± 0.1 ℃ and 39.62 ± 0.14 ℃ for S and SP, respectively). Brown-Brandl
et al. (2005) reported that cows with shade access had a reduced core body temperature during
daytime hours compared to cows with no shade access. However, cows with shade access had
higher core body temperatures at nighttime hours compared to cows with no shade access. Other
researchers have documented this response and mentioned it could be due to radiation losses to
the night sky (Blackshaw and Blackshaw, 1994; Brown-Brandl et al., 2001). Although, it was
unexpected that cows in S would have a lower RT than SP cows (39.40 ± 0.1 ℃ and 39.62 ± 0.14
℃ for S and SP, respectively). Due to the advantages exhibited in SP cows regarding RR and MY,
it would be expected that RT would follow that trend. Kendall et al. (2007) reported that shade
lowered body temperature of cows by 0.3 ℃ and sprinklers lowered body temperature by 0.2 ℃
during a 90 min period compared to cows with no shade for 90 min. After the 90 min period
ended, shade had no long-term effect on body temperature whereas sprinkler cows had a reduced
body temperature for 10 h after the sprinklers were turned off. Results from Shütz et al. (2011)
agree with Kendall et al. (2007) where body temperature was decreased to a greater extent for
cows in sprinklers compared to cows with shade or no heat abatement.
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Milk components
Significant decreases in milk fat percent in cows under heat stress conditions have been
reported in past studies (Bouraoui et al., 2002; Hammami et al., 2013; Bernabucci et al., 2014).
However, other studies suggest no effect (Knapp and Grummer, 1991; Wheelock et al., 2010). In
this study, cows in SP had a significantly lower FAT (2.67 ± 0.26 %) compared to CON and S
(Table 2.4; P < 0.01; 3.41 ± 0.16 % and 3.32 ± 0.21 % for SP, CON, and S, respectively). Tao et
al. (2018) explained that FAT may be altered because of the decrease in milk volume experienced
in summer months. The results of this study supported this explanation, where cows in SP had the
greatest MY and the lowest FAT compared to cows in CON and S. Milk fat percent was
significantly influenced by the interactions of trt × breed, trt × milk yield, and trt × DIM. As
expected, Holstein cows in all treatment groups had a lower FAT compared to Jersey cows. Milk
fat percent had an inverse relationship with MY. Abeni et al. (1993) found lower values of FAT
content when THI > 75 compared to when THI < 75, but Cowley et al (2015) did not find
differences in heat stressed and thermoneutral cows. The mean ± SD THI for this study was 73.42
± 2.58 with a maximum THI of 79.41. The consistently high THI experienced by the cows
throughout the study contributed to a decrease in MY which may have contributed to the increase
in FAT that was exhibited for CON cows. Milk fat percent for cows in SP stayed consistent as
DIM increased. In contrast, cows in CON and S experienced an increase in FAT as DIM increased.
This could be attributed to the decrease in MY that was experienced by both the CON and S cows
compared to SP cows. Previous studies have shown the effects of heat stress on FAT to be
inconsistent (Regan and Richardson, 1938; Moody et al., 1967; Maust et al., 1972).
Treatment, breed, parity, milk yield, THI, and DIM all had a significant effect on PRO in
this study. Control cows had significantly greater PRO (P < 0.03; 3.13 ± 0.05 %) compared to SP
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(Table 2.4; 2.97 ± 0.07 %, respectively). No significant differences in PRO existed between CON
and S and S and SP (P = 0.54 and P = 0.10, respectively). Similar to FAT, as milk production
decreased, PRO increased. Cows in SP maintained the greatest milk production; therefore, it could
be expected that they would have the lowest PRO. As expected, Jersey cows had greater PRO
compared to Holstein cows (P < 0.01; 3.41 and 2.71, respectively). For all treatments, as DIM
increased, PRO also increased. This response is most likely attributable to the decrease in milk
production that occurs as DIM and THI increases. Increasing age can negatively influence PRO
due to deterioration of udder tissue, selective culling for high production, and increased incidences
of mastitis (Ng-Kwai-Hang et al., 1982; Rogers and Stewart, 1982; Jenness, 1985). In the current
study, multiparous cows had 0.38% lower PRO compared to primiparous cows (P < 0.01). This
result could be attributable to multiparous cows having an increased milk production, increased
sensitivity to increasing THI, and a greater metabolic heat production compared to primiparous
cows.
Somatic cell score and hygiene Score
Hygiene scoring is commonly used in welfare assessments due to poor udder hygiene being
associated with higher SCS (Reneau et al., 2005) and intramammary infections (Schreiner and
Ruegg, 2003). During the study period, Starkville, MS accumulated an above average amount of
rain for the month of July. All treatment pens and paths were wet and muddy for a portion of the
experiment. In all 3 CON pens, cows would splash water from the water tanks and create an even
muddier area to stand and lay in (Figure 2.6). Similarly, past researchers have explained that as
ambient temperature increases, the percent of cows drinking or congregating around the water
supply is greater for unshaded cattle compared to shaded cattle (Schulz, 1984; Muller, 1994; Mader
et al., 1997). Although, cows in shade pen 1, crowded around the water trough and created a mud
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pit similar to the CON pens even though they had access to shade (Figure 2.6). Evaporating water
from the water tank may have created a cooler microclimate and attracted the cows (Palacio et al.,
2015).

Figure 2.6

Pictures of cows on the study standing and laying in muddy areas1

1

From left to right; control (no heat abatement) cows laying in a mud pit they created by
splashing water out of the water tank; shade pen 1 (portable shade structure with 80% protective
shade cloth) cows standing and laying in a mud pit they created by splashing water out of the
water tank; sprinkler (portable polyvinyl chloride pipe sprinkler system) one cow standing under
the sprinkler in the mud created from keeping the sprinklers on throughout the duration of the
study; photos taken during the experiment by C. A. Becker
Cows in SP had a significantly lower SCS (P < 0.01; 0.0 ± 0.78) compared to CON and S
cows (Table 2.4; 2.83 ± 0.43 and 2.41 ± 0.59, respectively). Somatic cell count tends to increase
as a cow ages or progresses further into her lactation, with heat stress further contributing to the
increase in SCC for these animals (Nyman et al., 2009). Ferriera and DeVries (2015) stated that
there may be a dilution effect of herd SCC in relation to milk volume, which may partly explain
the increase in herd SCC during summer months. Cows in SP had a greater MY compared to CON
or S cows, which may have had a dilution effect on SCS.
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Hygiene score significantly influenced SCS (P < 0.01). Cow cleanliness is an important
factor of cow welfare and can contribute to bacterial contamination of milk (Bava et al., 2011),
increase SCC, and may increase risks of new intramammary infections (Schreiner and Ruegg,
2003). In this study, it was difficult to prevent treatment pens from getting muddy due to the
amount of rain received as a result of the hurricane, the cows in the CON treatment creating mud
pits around the water tank, and the sprinklers running throughout the whole study. In addition to
the wet and muddy conditions, an increase in THI can facilitate the survival and multiplication of
pathogens (Das et al., 2016). One cow in shade pen 1 exhibited clinical signs of mastitis (flakes
in milk when stripped before milking, recorded by the milker) on day 15 of the study. An aseptic
milk sample was collected from the affected quarter and sent to a diagnostic lab (Mississippi State
University CVM Diagnostic Lab, Mississippi State, MS). The culture had no growth and the milk
appeared normal with no other signs of mastitis on day 16. Therefore, the cow was not treated with
intramammary antibiotics.
The interactions of treatment × parity, treatment × breed, treatment × DIM, treatment ×
milk yield, parity × DIM, THI × DIM, and breed × DIM all had an influence on SCS (P < 0.01).
Primiparous SP cows had a significantly lower SCS (P < 0.01; 0 ± 1.13) compared to primiparous
CON and S cows (3.48 ± 0.79 and 2.84 ± 0.71, respectively). No significant difference in SCS
was observed between multiparous cows in the three treatment groups. Many researchers have
reported that primiparous cows have lower SCC compared to multiparous cows (Leavens et al.,
1997; Schepers et al., 1997). However, only SP primiparous cows in the current study had a
significantly lower SCS compared to SP multiparous cows (P < 0.01; 0.0 ± 1.13 and 2.03 ± 0.58,
respectively). Both Jersey and Holstein cows in SP had the lowest SCS. Holstein cows in SP had
a significantly lower SCS (0.0 ± 0.89) compared to Holstein cows in CON and S (P < 0.01 for
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both; 3.06 ± 0.59 and 2.38 ± 0.74, respectively). Jersey cows in S had significantly lower SCS (P
< 0.01; 1.54 ± 0.53) compared to Holstein cows in S (3.28 ± 0.74). No significant differences
between Holstein and Jersey cows in CON and SP were exhibited.
Berry et al. (2007) noted Jersey cows having a higher SCS compared to Holstein cows.
Although, Washburn et al. (2002) reported that no difference in SCS between Holstein and Jersey
cows occurred, Jersey cows had a lower incidence of mastitis compared to Holstein cows. As
DIM increased, SCS in CON cows stayed consistent, but was higher compared to cows in S and
SP. Cows in SP had a slightly higher SCS compared to S cows up until 200 DIM, where S cows
SCS increased slightly higher than SP cows and continued to increase as DIM increased (Figure
2.7). As the study progressed, S cows may have had an increased SCS due to the muddy
environment that occurred under the shade structure. Whereas, cows in SP may have had a
decreased SCS as the study progressed due to the water from the sprinklers keeping them cleaner
compared to CON and S cows. With increasing DIM, milk production decreases and in turn, SCS
is usually increased. The opposite response occurs when milk production is increased, SCS is
usually decreased. This response may be due to a dilution effect brought on by a higher milk yield
(Hagnestam-Nielsen et al., 2009).
For Holstein and Jersey cows, with increasing DIM, SCS slightly increased. Although as
DIM increased, SCS decreased to greater extent for multiparous cows compared to primiparous
cows. This response could be attributed to primiparous cows producing less metabolic heat,
having a greater surface area compared with internal body mass, and having a lower milk
production compared to multiparous cows, and thus would be expected to be less sensitive to heat
stress (Armstrong, 1994; West, 2003; Aguilar et al., 2010).
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Past researchers have found that exposure to mud also has implications for cattle health.
Moisture in paddocks can reduce claw hardness and increase the risk of lameness (Fitzgerald et
al., 2000; Borderas et al., 2004). Obvious lameness signs were not observed in any study cow, but
locomotion score was not a variable that was measured. In addition, production can be affected
by exposure to wet weather and muddy conditions (Stull et al., 2008). In this study, hygiene score
was significantly affected by treatment, parity, breed, and DIM.
Cows in CON and S had significantly higher (P < 0.01) hygiene scores (Table 2.4; 3.01 ±
0.13 and 2.41 ± 0.18, respectively) compared to SP cows (1.39 ± 0.23). Before the start of the
study, the researchers were concerned that leaving the misters running 24 hours a day throughout
the entire study might contribute to a wet and muddy environment for the cows in those pens and
potentially contributing to a higher hygiene score and increased incidences of mastitis. The SP
pastures did have more accumulated water around the sprinklers however, SP cows had the lowest
hygiene scores. Holstein cows in all treatment groups had lower (P = 0.04) hygiene scores
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compared to Jersey cows (2.15 ± 0.18 and 2.39 ± 0.12, respectively). For all treatments as DIM
increased, hygiene scores slightly decreased. With a lower milk yield, dairy cows produce less
body heat compared to higher producing cows. Cows may have been less inclined to lay in mud
because they were not as heat stressed compared to cows in an earlier stage of lactation. Similarly,
primiparous cows had a lower (P < 0.01) hygiene score compared to multiparous cows (2.13 ±
0.15 and 2.41 ± 0.13). Primiparous cows may have had a lower hygiene score compared to
multiparous cows due to older, dominant cows pushing the primiparous cows away from the
muddy, wet areas, and therefore forcing them to stand or lay in a dryer area of the pen (Ryan et
al., 1992). The heat stress experienced may have affected primiparous cows to a lesser extent
compared to multiparous cows.
Conclusions
Dairy cows in the southeastern U.S. experience over half of the year in a state of heat stress, causing
an animal welfare concern and contributing to a profit loss for producers. Appropriate heat
abatement can reduce production losses and provide a more comfortable environment for the
animals. Providing sprinklers for cows on pasture significantly reduced RR compared to shade
and no form of heat abatement. Cows cooled with sprinklers had an increased milk yield,
decreased SCS, and lower hygiene scores compared to cows with shade access only. Shade cows
had lower RT compared to cows cooled with sprinklers or cows with no heat abatement. Although,
RT may not be a sensitive indicator of heat stress response due cows in SP having reduced negative
responses to heat for all other indices compared to CON and S. These results suggest that the
provision of sprinklers for grazing cows can improve cow comfort and reduce the milk loss
experienced during summer months. Cows in CON were more severely heat stressed compared
to S cows. Cows in SP were less affected by heat stress compared to cows in CON and S as
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expected. Studying the combination of shade and sprinklers for grazing cattle heat abatement could
potentially reduce the negative effects of heat stress even more. Shade can protect animals from
direct solar radiation and reduce body temperature, while sprinklers could provide relief from
accumulating heat loads that can lead to decreased milk production and decreased cow comfort.
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Introduction
Heat stress can be experienced in all climate zones, depending on the time of year (Beede
and Collier, 1986). However, dairy cows in tropical, subtropical, and Mediterranean climates
experience extended periods of heat stress and are therefore unable to recover from the negative
effects of heat stress as quickly compared to cows in temperate climates. The southeastern U.S. is
classified as humid, subtropical with high ambient temperatures, humidity, and rainfall (Johnson,
1987). In regions with a subtropical climate, the high relative humidity limits the rate of heat loss
via evaporative cooling (Silva et al., 2007). When natural heat dissipation methods become
insufficient, the increased heat load can increase body temperature (Wheelock et al., 2010),
decrease milk yield (Wheelock et al., 2010) and fertility (De Rensis and Scaramuzzi, 2003), and
in extreme cases, can result in mortality (Stull et al., 2008; Vitali et al., 2009).
Temperature humidity index (THI) is typically used to summate the intensity of heat stress
on dairy cows. This calculation includes values for both ambient temperature and relative
humidity (Mader et al., 2006; Bohmanova et al., 2007; Morton et al., 2007). When THI ≥ 68,
lactating cows will begin experiencing negative effects of heat stress (Collier et al., 2012).
Temperature humidity index does not incorporate cow specific factors, which also play a role in
heat stress. Individual cow factors that can contribute to the severity of heat stress experienced
include but not are not limited to the level of production, disease, age, body condition, and hair
coat characteristics (Collier et al., 2019).
Several phenotypic indicators have been identified as heat stress indices, including
respiration rate (Gaughan et al., 2000), drooling, open mouth breathing, and panting (Tresoldi et
al., 2018), and body temperature (Kendall et al., 2006). Observing phenotypic indicators of heat
stress could be advantageous when assessing the severity of heat stress experienced in individuals
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or groups of dairy cows compared to using THI alone. A scoring system could aid in heat stress
detection by categorizing specific heat stress indicators into different levels. The scoring system
could be used a tool for to provide early intervention with cooling measures to prevent cows from
experiencing an increased heat load.
An increase in respiration rate (RR) is one of the most sensitive phenotypic indicators of
heat stress. A cow with a RR > 60 breaths/min is an indicator of heat stress in lactating dairy cows.
A non-stressed dairy cow will have a respiration rate range of 26 to 59 breaths/min. When cows
are experiencing heat stress, they may begin drooling, panting, or open-mouth breathing with a
protruding tongue (Shultz, 1984; Berman et al., 1985). The observation of RR and panting
characteristics can be accessible tools for identifying cows that are experiencing high heat load
(Tresoldi et al., 2018).
Animal health professionals and dairy producers use changes in behavioral patterns of
cows as a tool for identifying poor health and welfare (Mattachini et al., 2013). In hot conditions,
cows will spend more time standing and decrease activity in order to increase surface area for heat
abatement, sensible water loss, radiating surface area, and air movement via convection (Cook et
al., 2007; Allen et al., 2015; Polsky and Keyserlingk, 2017). Increased standing time in a 24-h
period caused by heat stress may contribute to a decrease in milk production, an increase in disease
prevalence (Cook et al., 2007; Polsky and Keyserlingk, 2017), and an increase in body temperature
(Anderson et al., 2013). Blood flow to the udder is limited in a standing position compared with
a lying position, which limits the amount of nutrient uptake by the mammary gland and contributes
to a decrease in milk production (Rulquin and Caudal, 1992; Delamaire and Guinard-Flament,
2006).
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When provided shade, heat-stressed cows increase time spent ruminating (Blackshaw and
Blackshaw, 1994), have a higher milk yield (West, 2003a), and have decreased body temperatures
compared to unshaded heat-stressed cows (Kendall et al., 2006). In order to thermoregulate, dairy
cows will spend the majority of their time seeking and standing in shaded areas in the pasture
(Schütz et al., 2008; Vizzotto et al., 2015). Cows will continue seeking shade and standing to
reduce internal body temperature, even when deprived of lying for 12-h (Schütz et al., 2008).
However, heat-stressed cattle tend to lie down and reduce activity during daylight hours to reduce
energy expenditure. When experiencing heat stress, cattle will actively seek shade during the heat
of the day, and if no shade is available, an animal will change posture or behavior in an attempt to
dissipate the accumulating heat (Bianca, 1968; Finch, 1986).
Cooling with sprinklers can decrease some of the negative effects associated with heat
stress (Valtorta and Gallardo, 2004; Kendall et al., 2007; Chen et al., 2013). Researchers reported
that cows with access to sprinklers had a reduced RR compared to cows with access to shade
(Tarazón-Herrera et al., 1999; Kendall et al., 2007). Various cooling strategies have been evaluated
in confinement settings of dairy cattle in response to heat stress, but minimal research has been
conducted to assess how different heat abatement methods can affect the level of heat stress of
grazing dairy cows.
Machine learning has become a valuable tool for prediction in many fields due to its
versatility and ability to derive a model from available data without previous knowledge of the
relationship between the variables (McQueen et al., 1995; Kotsiantis et al., 2007). Large data sets
that may have non-normally distributed data are able to be interpreted using machine learning with
fewer assumptions made about the data (Gahegan, 2003; Gianola et al., 2014) compared to
traditional linear methods. Machine learning has been used in the field of dairy science to predict
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traits such as milk production, mastitis (Kamphuis et al., 2010; Ebrahimie et al., 2018), and
methane production (Zheng et al., 2018). Traditional linear methods, like logistic regression, are
still utilized for predictions because machine learning may not always be the best fit (Van Hertem
et al., 2014; Hempstalk et al., 2015; Ghafouri-Kesbi et al., 2017). The different methods can be
compared in some circumstances, but it can be difficult to determine which method will result in
the highest accuracy beforehand (White et al., 2018). Many different machine learning techniques
exist and may be suitable to predict the variable of interest (van der Heide et al., 2019). Therefore,
a trial-and-error approach can be used to find the best method for each prediction (Amrine et al.,
2014; Libbrecht and Noble, 2015).
The naïve Bayes and random forest machine learning methods are commonly used in
animal science research. These two methods use very different approaches, where the Naïve Bayes
is a family of classifiers that uses Bayesian techniques to form a simple network based on previous
probabilities (Jensen, 1996) and the random forest method makes use of decision trees, or a
sequence of rules that splits the data in a way that most optimally reduces variation (Breiman,
2001). To the authors’ knowledge, research on heat stress in dairy cows using machine learning
methods does not yet exist. In this study, traditional linear regression method will be compared
with machine learning methods (Gaussian Naïve Bayes and random forest) to find the most
accurate method to predict heat stress score using a novel heat stress scoring system. Therefore,
the objectives of this study are to 1) design and utilize a heat stress scoring system to evaluate heat
stress severity on grazing dairy cows with access to different heat abatement strategies; 2) to
analyze and predict the accuracy of the scoring system with machine learning methods; and 3)
validate the machine learning methods by using a real-life case study.
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Materials and Methods
This experiment was conducted at the Mississippi State University Bearden Dairy
Research Center in Starkville, MS, from July 1, 2019 to August 8, 2019. All animals were treated
according to IACUC standards and protocols for Mississippi State University (IACUC-19-227).
A randomized experimental design was utilized with three treatments. The treatments consisted of
control (CON, no heat abatement), shade (S, portable shade structure with 80% protective shade
cloth), and sprinklers (SP, polyvinyl chloride (PVC) sprinkler system, 3 m high; Figure 3.1). Each
shade pen had one shade structure that provided each cow with 4.6 m2 of shade space (Higgins et
al., 2011). Each sprinkler pen had two sprinkler systems and provided each cow with 6 m of
sprinkler space.
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Figure 3.1

Polyvinyl chloride (PVC) pipe sprinkler system (3 m tall) with a shrub sprinkler
nozzle on each end (4.57 m water spray distance each)

July and August are the two hottest months in Starkville with an average low of 21.1 ℃
and an average high of 33 ℃ from data collected over the past 11 years (U.S. Climate Data, 2020).
The THI was expected to be consistently ≥ 68; therefore, the sprinklers stayed on throughout the
duration of the experiment. The study consisted of nine pens, with each of the three treatments
replicated three times. All treatment pens included two pregnant lactating Holstein cows and one
pregnant lactating Jersey cow, with 27 cows total enrolled on the study. All cows were in their
second trimester. Table 3.1 depicts the mean parity, DIM, and days in gestation for each treatment
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pen. All groups walked 630.94 m to the parlor twice each day at 0330 and 1530. When waiting in
the holding pen to be milked, all cows had access to shade. Cows in all treatment groups had access
to water ad libitum and were fed the same concentrate ration at 15.11 kg/head/d (Ware Milling,
Houston, MS) after each milking.
Table 3.1

Mean ± SD for parity, days in milk, days in gestation, and somatic cell count at
the beginning of the study for each treatment pen (n = 9)1,2
Treatment

P-value

Variable

Control

Shade

Sprinkler

Control vs.
Shade

Control vs.
Sprinkler

Shade vs.
Sprinkler

Parity

2.22 ±
0.16

2.66 ±
0.47

2.22 ±
0.16

0.47

1.0

0.47

Days in milk

208.22 ±
29.83

202.33 ±
3.78

183.99 ±
33.71

0.98

0.66

0.79

Days in
gestation

104.55 ±
9.70

95.11 ±
17.89

81.77 ±
11.68

0.83

0.35

0.69

Somatic cell
count (100
calls/mL)

111.0 ±
196.14

163.83 ±
349.13

47.56 ±
83.28

0.79

0.71

0.33

1

Mean ± standard deviation
Treatment pen: Control (1, 2, and 3) = no heat abatement; shade (1, 2, and 3) = portable shade
structure with 80% protective shade cloth; Sprinkler (1, 2, and 3) = portable, 3 m tall PVC
sprinklers.
2

The study took place on a 7.39 ha pasture. The east side of the pasture was divided into
five 0.40 ha pens, and the west side of the pasture was divided into four 0.40 ha pens (Figure 3.2).
Pens were divided using active electric fence wire (0.16 cm Poly Wire, Gallagher USA Electric
Fencing, Riverside, MO). All pens were planted with Hybrid Pearl Millet (Tifleaf III; 9.1 kg/ha).
Cows were housed in a free-stall barn on the same farm until study start. Two days before cows
began grazing, forage samples were hand-collected by two individuals. Walking in a zig-zag
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pattern, 9 forage samples were collected from each pen using hand shears. Available forage in a
0.25 m2 area was cut to a ground level, as was recommended in Hughes et al., 2010. Samples were
placed in plastic bags and hand-mixed to create a sample representative of the whole pen. All
samples were stored in a – 80 ℃ freezer until after the study was completed. On February 4, 2020,
forage samples were removed from the freezer, dried for 48 h in a 55°C forced-air oven to
determine dry matter concentration and calculate forage mass. The dried samples were then sent
to Dairy One Forage Lab (Dairy One Cooperative, Inc., Ithaca, New York) to be analyzed for
nutritive value.

Figure 3.2

Drawing of the treatment pen setup and the path used to walk to the milking
parlor1,2,3

1

All treatment pens were 0.4 ha with all cows using the same path (630.94 m) to walk to the
milking parlor
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2

Sprinkler pen 1 and sprinkler pen 2 were both expanded by 12 m on one side to increase forage
availability (indicated by red arrows), and space was decreased on the opposite side to keep pen
at 0.4 ha
3
Cows in control pen 3a were all moved to control pen 3b on July 7, 2019 due to flooding that
occurred from the run-off of mister pen 2 and mister pen 3 that were located up a slight slope to
the north of control pen 3a

A grazing stick was used to measure forage height in each treatment pen one day before
study start and once per week during the study. Walking in a zig-zag pattern, forage was measured
from 9 different locations throughout the pen and averaged to calculate mean forage height for
each pen. If forage height was grazed to an average of 18 cm or less, the specified treatment pen
was expanded by 12 m in one direction to provide optimal grazing space. All pens that were
expanded 12 m in one direction were shortened by 12 m on the opposite side to keep all pastures
the same size. Sprinkler pen 1 and sprinkler pen 2 were expanded according to the above
description on July 13, 2019 and July 27, 2019, respectively. Cows in control pen 6a were all
moved to 6b on July 7, 2019 due to flooding that occurred from the run-off created from the two
mister pens located up a slight slope to the north of pen 6a (Figure 3.2).
The temperature and humidity were measured at 10-min intervals using weather stations
with data loggers located centrally between the treatment pens (Vantage Vue, Davis Instruments,
Hayward, CA) (WeatherLink® USB data logger, Davis Instruments, Hayward, CA).
Temperature Humidity Index was calculated to measure thermal comfort of cows using the
following equation from Mader et al. (2006) where temp℃ = ambient temperature in ℃ and
HUM = relative humidity: 0.8*temp℃ + [(HUM/100) * (temp℃-14.4)] + 46.4.
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Physiological variables
Reticulorumen boluses (SmaXtec, Graz, Austria) recorded reticulorumen temperature
(RT) for all cows every 10 minutes. Respiration rates were visually observed by recording the
time in seconds for 10 full breaths by watching flank movements, then converting to breaths/min
by using the following equation: 60 * (10/seconds collected) (Brown-Brandl et al., 2005; Tresoldi
et al., 2019). Three d per week, each cow was observed 3 times per day for two-hour periods from
0630 to 0830, 1100 to 1300, and 1600 to 1800. Two trained researchers observed RR throughout
the study. Before the study started, both researchers practiced observing RR together for 2 weeks
to ensure similarity between each observation. One researcher observed RR for 2 d each week and
the other researcher observed RR for 1 d each week. Body condition score (BCS), as described
by Ferguson et al. (1994), and hygiene score, as described by Schreiner and Ruegg (2002), were
collected once weekly. For hygiene scoring, the following scoring system was used where 1
represented udder and legs that were free from dirt, 2 represented slightly dirty udder and legs with
2 to 10% of the areas were covered with dirt, 3 represented moderately dirty udder and legs with
10 to 30% of the area covered with dirt, and 4 represented the case when greater than 30% of the
udder and legs were covered with dirt
Automated milk yields (MY; kg/d) were recorded for every cow at each milking
(Dairyplan DP5, Westfalia Surge, GEA). Milk samples were collected once per week and shipped
to Mid-South Dairy Records (Springfield, MO) for analysis of milk components (FAT and protein
(PRO), %) and SCC. Somatic cell count was log transformed to SCS using the following equation:
SCS = 1000 + 100*(log2(SCC/1000)) to fit the Gauss normal distribution (Ali and Shook, 1980).
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Behavioral variables
Cows were fitted with AfiAct II (Afimilk, Kibbutz Afikim, Israel) leg sensors to
continuously monitor activity (e.g., lying time, number of lying bouts, steps) throughout the study.
One day before study start, leg sensors were attached to the left rear leg of each cow using the
AfiAct II leg strap. Panting characteristics were recorded for a 2-min interval 3 times/day for every
day of the study by the same observer. Panting characteristics included drooling, determined by
saliva hanging from the cow’s mouth when she wasn’t ruminating; open mouth panting,
determined by an open mouth when the cow was not ruminating; and open mouth panting with
tongue protruding determined if at least the tip of the tongue crossed the edge of the bottom lip
(Tresoldi et al., 2018). Insect avoidance behaviors, tail flicks, and foot stomps were visually
observed once per week. Each animal was observed for 5 min by two observers, where one
recorded the number of tail flicks and the other recorded the number of foot stomps throughout
the study. Three days per week, location of a cow under the shade or in the sprinklers was visually
observed 3 times per day (0630 to 0830, 1100 to 1300, 1600 to 1800). A cow was considered in
shade if at least half of the body was under the shade structure or in the shadow cast by the
structure. A cow was considered in the sprinkler if at least half of the body was in the water.
Heat stress scoring
The study was planned for 60 d unless the cows were judged to experience repeated
episodes of severe heat stress. As identification of severe heat stress is to some degree subjective,
the researchers created a heat stress scoring system based on aspects of other scoring systems (U.
S. Meat Animal Research Center, 2017; Tresoldi et al., 2016; Woolums et al., 2018). This scoring
system was used to score all cows three times each day. The heat stress scoring system used
respiration rate and various behavioral measures to assess the cow’s level of heat stress. The
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scoring system ranged from 0 to 4, where 0 = RR ≤ 60 breaths/min up to 79 breaths/min; 1 = RR
of 80 to 99 breaths/min, increased time spent standing, slight drooling (1 string of saliva hanging
from mouth), and restlessness; 2 = RR of 100 to 119 breaths/min, excessive drooling (2 to 3 strings
of saliva hanging from mouth) or foaming, lethargic, but looks more alert when approached, head
carriage low, and most animals in pen are standing; 3 = increased breathing effort, RR ≥ 120
breaths/min, open mouth breathing or panting with tongue protruding, possible drooling ( > 3
strings of saliva hanging from mouth), head carriage low, lethargic, and may not look more alert
when approached; 4 = moribund, open mouth breathing with tongue protruding, breathing is
labored and RR may decrease, pushing from flank when breathing, not necessarily drooling,
individual animals may be isolated from others.
Heat stress score (HS) was used as a means to assess level of heat stress and as a means of
assessing when an animal might warrant removal from the study to prevent excessive animal
suffering. The same researcher scored all cows at all scoring periods to maintain consistency. If a
cow had a score of 3 on any day, the researcher would re-score the cow 1 h later. If the cow
remained a 3 or was scored a 4 in the second scoring, a veterinarian was called to examine the
cow. A heat stress score of 4, determined by the scorer or veterinarian, warranted immediate
removal from the study. This was considered an emergency and any animal experiencing this was
to be moved to the freestall barn and treated in the manner deemed necessary by the veterinarian.
If the veterinarian scored the cow a 3 after being called, the cow would remain on the study.
However, these cows were taken to the holding pen and hosed off with cold water to cool them in
order to prevent them from advancing to a score of 4. If any cow received a score of 3 for three
consecutive scoring times, the cow was removed from the study. To balance the importance of
both sample size and animal welfare, the removal of three cows from any one treatment (CON, S,
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or SP) was set as a pre-determined point before the study began to warrant ending the study prior
to the 60 d.
Statistical Analysis
Organization of raw data
The MEANS procedure of SAS version 9.4 (SAS Institute Inc., Cary, NC) was used to calculate
the average daily THI and wind speed and RR, RT, panting characteristics (drooling, mouth open,
tongue protruding) for each cow on all three treatments during the study period. Lying time,
number of lying bouts, and steps were summed per cow per day. Morning and afternoon milk
yields were summed per cow per day. Percent of milk fat, percent of milk protein, somatic cell
score, body condition score, and hygiene score data was only collected once per week and therefore
was used for that entire study week in the analysis.
Data pre-processing for machine learning
Three methods were evaluated: logistic regression, Gaussian Naïve Bayes, and random
forest. Logistic regression is a linear method while the other two are machine learning methods.
Researchers continue to use traditional linear methods over machine learning because, despite the
great potential for machine learning, these methods have not always proven superior to traditional
linear modeling (Cortez et al., 2006; Van Hertem et al., 2014). The three methods included in this
study were chosen through a trial-and-error approach of evaluating different machine learning
methods. This may provide different accuracy on the prediction of the variable of the interest for
the same data set. Both random forest and Gaussian naïve Bayes have been successfully
implemented in animal science (Shahnifar et al., 2014; Jensen et al., 2016). Random forest and
Gaussian Naive Bayes represent two families of machine learning classifiers, one using decision
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trees and the other using Bayesian-based methods, respectively. By comparing a traditional linear
method to the machine learning classifiers, these results could help dairy researchers understand
the advantages and disadvantages of each classifier in the prediction of heat stress in dairy cows
and help gain a better understanding of the wide variety of factors that impact heat stress.
Prior to fitting models according to these methods, feature scaling was taken into account.
The two common feature scaling approaches are standardization and normalization.
Standardization maintains information about the outliers and makes the algorithm less sensitive in
contrast to normalization. Optimization algorithms used inside the logistic regression method
perform better if features are on the same scale. Therefore, with logistic regression, the features
are scaled through standardization.
The 18 features that were included into the analysis were respiration rate, reticulorumen
temperature, daily milk yield, THI, wind speed, panting parameters (drooling, mouth open, tongue
protruding), milk fat percent, milk protein percent, hygiene score, body condition score, lying time,
number of lying bouts, number of steps, breed, parity (primiparous or multiparous), and days in
milk. The original data set consisted of 21 features. In this dataset, besides the 18 features that are
mentioned above, the data included heat stress score, heat index, and dew point. The visualization
of the correlation of the features is plotted in Figure 3.3. After finding the correlations for those
features, the correlation is > 0.9, therefore, only one of the variables were kept in the dataset. It
can be observed that the response variable is highly correlated with heat stress score, drooling, and
respiration rate. However, among these three features, the correlation between the heat stress score
and the response variable is 0.92; therefore, this feature was removed from the dataset. In addition,
a strong positive correlation between the THI, dew point, and heat index existed. The correlation
between the THI and dew point was 0.96, and the correlation between the THI and heat index was
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0.92. Given this result, dew point and heat index were removed from the dataset. All other
correlations were < 0.9 and were kept in the dataset. The visualization of the correlation between
features after removing some of the features depicted in Figure 3.4.

Figure 3.3

Visualization of the correlation of 21 features from the original dataset1

1

This study evaluated three machine learning methods (logistic regression, random forest,
Gaussian naïve Bayes) for predicting heat stress in cows subjected to three heat abatement
treatments (no heat abatement, shade, or sprinklers)
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Figure 3.4

Visualization of the correlation of the 18 features that were included in the analysis

1

This study evaluated three machine learning methods (logistic regression, random forest,
Gaussian naïve Bayes) to predict heat stress in cows subjected to three heat abatement treatments
(no heat abatement, shade, or sprinklers)
Description of methods
The analyses were performed in Python version 2.7, using ‘scikit-learn’ libraries. To apply
logistic regression on the dataset, ‘LogisticRegression’ classifier in ‘scikit-learn’ package was
used. In this method, the regularization or penalizing of coefficients was applied by default. Two
regularization methods could be applied: i) L1 regularization (LASSO) and ii) L2 Regularization
(RIDGE). Using L1 Regularization, some of the coefficients associated with features in the dataset
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can become zero and will be eliminated from the model. This type of regularization is suitable for
datasets that possibly have collinearity among features. On the other hand, applying L2
regularization does not lead to the elimination of the features. To avoid the possibility of
collinearity among features in the dataset and to maintain the interpretability of models, L1
regularization was used. In the ‘LogisticRegression’ classifier, using parameter ‘C’, it can handle
the inverse of regularization strength. This parameter is set to 0.1, 1, 10, 100, and 1000, with 1000
representing the strength of regularization is very low, and therefore the method can be considered
as the logistic regression without regularization. The ‘GridSearchCV’ library was used to assess
the performance of the logistic regression model based on different values of the ‘C’ parameter.
This library has a parameter ‘cv’ which determines the cross-validation strategy of the optimization
procedure. The default value of this parameter was used, which means that 5-fold cross-validation
was used. To report each one of the metrics using regularized logistic regression, two nested loops
were used. The outer loop was in charge of creating 20 trials or 20 random segmentations of the
dataset, and the inner loop was in charge of performing the ‘GridSearchCV’ with 5-fold crossvalidation. For example, in trial one (outer loop) the first random segmentation of the dataset was
utilized. In this trial, the dataset was split into a test set and a rest set: the test set was set aside, and
the rest set was used in the inner loop. In the inner loop, the rest set was again split into a validation
set and a training set. Then, the training set was used to develop a series of regularized logistic
regression models with different values of "C," and these regularized logistic regression models
were used to predict samples in the validation set which is further used in the selection of an
optimal value of “C” parameter for the current trial. In the inner loop, which was responsible for
optimizing the value of “C” parameter for the current trial, we set the number of folds of the crossvalidation of ‘GridSearchCV’ to 5. In other words, the inner loop was repeated until all samples
144

from the rest set were included in the validation set once. Having obtained optimal "C", for the
rest set, then a separate regularized logistic regression model with optimal "C" was calculated, and
this model is further used in the outer loop to predict the test set samples. This procedure was
repeated for the remaining trials, and for each trial, a list of metrics based on the optimized value
of “C” was gathered. Finally, by averaging the performance metrics which were obtained in 20
trials, the corresponding metrics of the regularized logistic regression model were reported. This
procedure was designed in a way that the assessment of model quality and the model optimization
were independent, and samples that were used in the final model assessment were not used in the
model optimization procedure.
The Gaussian naive Bayes is the Bayesian method that was used in this analysis where no
features needed to be scaled prior to fitting the model. For the Random forest method, the number
of trees is fixed to 500 and the number of features to consider when looking for the best split was
set to the square root of the total number of available variables. These values were utilized because
they resulted in the highest area under the curve (AUC) values for the experiments. To obtain the
best value for the number of trees before performing all the experiments, ‘GridSearchCV’ (this
library by default performs 5 fold cross-validation) was used by calculating a model for each one
of the 20 trials on COMB dataset. To do so, the metric based on ‘GridSearchCV’ attempted to find
the optimized number of trees set to the area under the ROC curve. Further, the number of trees
that were evaluated through ‘GridSearchCV’ was set to 500, 600, 700, 800, 900, 1000. According
to this experiment, the frequency of selection of 500 trees by ‘GridSearchCV’ for the 20 trials was
greatest. With this, 500 was set as the number of trees in experiments with the random forest
classifier. To run the experiments and get validation of the results, the dataset was randomly split
into two sets: training and testing. The training set consisted of 70% of the dataset and the testing
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set consisted of the remaining 30% of the dataset. This random segmentation was done 20 times
on the dataset and with different groups of the treatments. The CON group consisted of 119 nonheat stressed samples and 153 heat-stressed samples; the S group had 118 non-heat stressed
samples and 155 heat-stressed samples; the SP group had 261 non-heat stressed samples and 50
heat-stressed samples. The number of samples total for the aggregation of the three treatments
groups (COMB) was 856. For each class, the number of samples were close, 498 samples for
non-heat stressed and 358 samples for heat stressed, and therefore a large imbalance did not exist
in the dataset. However, to further maintain the information in the dataset, stratified sampling was
used. Applying such splitting generates training and test subsets that have the same proportions of
class labels as the input dataset.
Validation of methods
For this dataset, the variable in focus was HS. Based on this variable, the whole dataset
was divided into two major classes: heat-stressed and non-heat stressed animals. If the value of
HS for an animal was zero, they were entered in the non-heat stressed class (class label = 0). If
the value of HS for an animal was 1, 2, 3, or 4, they were classified as a heat stressed animal (class
label =1, positive class).
In order to assess the performance of each method, four metrics were used: accuracy,
sensitivity, specificity, and F1 score. The positive class in the dataset represents the animals that
displayed signs of heat stress, where accuracy indicated the rate of correctly predicted animals in
the dataset, sensitivity indicated the proportion of heat-stressed animals that were correctly
predicted as heat-stressed animals, and specificity indicated the proportion of non-heat stressed
animals that were correctly predicted as non-heat stressed animals. Precision is the sensitivity rate
and recall is the rate of correctly identified heat-stressed animals divided by the number of relevant
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animals (the heat-stressed animals that are truly predicted as heat-stressed plus the non-heat
stressed animals that are falsely predicted as heat-stressed animals). Using the following equation,
F1 score was calculated:

F1 score = 2

precision × recall
precision + recall
(3.1)

To further evaluate the performance of these methods, the area under receiver operating
characteristic (ROC) curve was determined using the ‘roc_auc_score’ metric in ‘scikit-learn’
(Pedregosa et al., 2011). A ROC curve is created by plotting the true positive rate versus the false
positive rate at various thresholds of the classifier. True positive rate and false positive rate are
illustrated as follows:
true positive rate = sensitivity
false positive rate = 1 − specificity

(3.2)

Consistency of the methods or the ability of these methods to provide similar probability
scores for samples in the test set were of interest. After applying each one of the machine learning
methods, the probability of the samples for each class in the model were obtained. The output is a
two-dimensional matrix where the columns represent the two classes and the rows represent
samples in the testing set. For each one of the 20 trials (k), the first column of the probability
matrix represents the probability of a positive class (heat stressed class). The following vectors of
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k
k
k
probabilities, VRF
, VLR
, and VGNB
,were obtained where RF = random forest, LR = logistic

regression, and GNB = Gaussian naïve Bayes. For each pair of these three methods the respective
correlations are obtained as follows, where P and S are the functions using Pearson’s r and
Spearman’s ρ correlation coefficients between two vectors:
k
k
k
k
k
k
k
k
k
P(VRF
, VLR
) = rRF−LR
, P(VRF
, VGNB
) = rRF−GNB
, P(VLR
, VGNB
) = rLR−GNB
k
k
k
k
k
k
S(VRF
, VLR
) = ρkRF−LR , S(VRF
, VGNB
) = ρkRF−GNB , S(VLR
, VGNB
) = ρkLR−GNB

(3.3)

After finding the Pearson and Spearman correlations for each one of the trials and then taking the
average of the 20 trials, the reported correlation values were calculated as follows:

rRF−LR

ρRF−LR

k
k
k
∑20
∑20
∑20
i=1 rRF−LR
i=1 rRF−GNB
i=1 rLR−GNB
=
, rRF−GNB =
, rRF−LR =
20
20
20

k
k
k
∑20
∑20
∑20
i=1 ρRF−LR
i=1 ρRF−GNB
i=1 ρLR−GNB
=
, ρRF−GNB =
, ρLR−GNB =
20
20
20

(3.4)

This procedure was repeated for all the datasets. The correlations indicate how similar the
probability of the predicted samples are across the three methods, and based on these probabilities,
cows can be ranked and be provided the appropriate heat abatement.
Results
Cows removed from study
Treatments were applied and data collection started on July 1, 2019 and ended August 8,
2019 (39 d of data collection). Due to receiving a heat stress score of 3 on three consecutive
measurements, as described in the Materials and Methods, two cows were removed from the
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study on d 31 (one control pen 3 cow and one shade pen 2 cow). Two more cows were removed
on d 38 of the study (one control pen 1 cow and one shade pen 2 cow), again for receiving a heat
stress score of 3 on three consecutive measurements. On d 39 of the study, 2 more cows met the
standards of a severe heat stress concern and were removed (two control pen 2 cows). Due to
three cows being removed from the control group, the study concluded on the afternoon of
August 8, 2019. No cows received a heat stress score of 4 throughout the duration of the
experiment. Two cows (1 cow in S and 1 cow in SP) aborted on July 14 and on approximately
July 17, 2019, respectively. Both cows were examined by a veterinarian and were approved to
stay on the study. The cause of the abortion could not be determined.
Body condition score at the start of the study was 2.89 ± 0.19 for CON, 3.15 ±
0.23 for S, and 2.75 ± 0.07 for SP. No significant difference in BCS existed betw een
treatment groups at study start. Nutritive values for each treatment are depicted in Table 3.2.
No significant difference existed between any of the treatments for any of the nutritive values
measured.

149

Table 3.2

Nutritive value analysis for Hybrid Pearl Millet (Tifleaf III) for the three
treatments (control, shade, sprinkler)1,2,3

Variable

Control

Treatment
Shade

DM, %

23.9 ± 4.9

22.0 ± 2.5

23.0 ± 2.5

P-value
Control Control
Shade
vs.
vs.
vs.
Shade
Sprinkler Sprinkler
0.84
0.96
0.96

CP, %

13.5 ± 2.1

16.8 ± 2.6

17.4 ± 0.7

0.23

0.15

0.96

ADF, %

26.4 ± 3.0

26.5 ± 4.0

26.5 ± 4.0

0.84

1.0

1.0

aNDF, %

52.7 ± 3.3

50.9 ± 0.8

50.0 ± 4.3

0.82

0.64

0.95

NFC, %

21.6 ± 2.4

20.0 ± 2.8

20.4 ± 3.4

0.83

0.89

0.99

TDN, %

57.8 ± 1.1

58.3 ± 0.5

58.6 ± 0.9

0.77

0.53

0.92

Sprinkler

NEL, Mcal/lb 0.56 ± 0.03 0.57 ± 0.00 0.58 ± 0.02 0.80
0.62
0.95
The study evaluated the performance of three methods (Gaussian naïve Bayes, random forest,
and logistic regression) in predicting heat stressed and non-heat stressed grazing dairy cattle
subjected to different cooling methods
2
Mean ± SD for each treatment (control = no heat abatement; shade = portable shade structure
with 80% protective shade cloth; sprinkler = portable 3 m tall, polyvinyl chloride pipe sprinkler
system)
3
DM = dry matter %; CP = crude protein %; ADF = acid detergent fiber %; aNDF = ash free
neutral detergent fiber %; NFC = non-fiber carbohydrates %; TDN = total digestible nutrients %;
NEL = net energy for lactation Mcal/lb
1

Climactic conditions
The mean THI during the study was 76.81 ± 4.99 with a maximum THI of 88.11 on August
7, 2019 and minimum of 61.81 on July 16, 2019. On July 13, 2019, hurricane Barry made landfall
632.31 km south of Starkville, MS on the Gulf Coast of Louisiana. Throughout the study,
Starkville received 28.7 cm of rainfall, with 27.13 cm occurring in July. Starkville received 17.9
cm more rainfall for the month of July compared to the average July rainfall for the past 5 years
(U.S. Climate Data, 2020).
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Significance of machine learning results
The value of reported metrics could be the result of a lucky random choice of the samples
in the 20 sub-models. To alleviate this problem and give a measure of statistical significance of
the utilized metrics, a permutation test was performed. In the permutation test, these 20 random
segmentations of each dataset were used as the original sub-models. The average performance
metrics over 20 sub-models for the different datasets, is presented in Table 3.3. In the permutation
test, the label of samples is permutated, and a new model is fitted on the permutated dataset. The
value of performance metrics based on the permutated dataset is expected to be lower than the
average value of the original sub-models. By repeating this process many times, a hypothesis test
for each one of the performance metrics is obtained. In this study, accuracy, sensitivity, specificity,
F1 score, and AUC were used as the performance metrics of the model where the upper bound (P)
of the P-value for accuracy is calculated with the following equation:

P=

1 + #(accuracyp ≥ accuracy)
N

(3.5)

Where accuracy represents the average value of accuracy from the 20 sub-models and accuracyp
is the accuracy of each one of the permutated datasets. Further, #(accuracyp ≥ accuracy)
represents the number of the permutated dataset in which the accuracy of the model is greater or
equal to the average value of the accuracy based on the sub-models. For example, to attain a Pvalue less than 0.01 at least 100 permutations are necessary but cannot be sufficient (Churchill et
al., 1994). In this study, to obtain an accurate P-value, 3000 permutation tests were performed.
The P -value of each of the five metrics for each of the datasets is represented in Table 3.4. The
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value of significance level was set to P ≤ 0.05. The null hypothesis (no difference between the two
classes) would be rejected if the P-value of a test was < 0.05. For the rest of the metrics, a similar
approach was used to calculate the threshold of the P-value.
For COMB, CON, and S datasets, the P-value of the models calculated for the 3 methods
and for all 5 metrics were less than 0.05. Therefore, the null hypothesis was rejected, and the
observed difference between the two classes was statistically significant at 𝛼 = 0.05. In reference
to sensitivity for the SP group, the P-value of models calculated for all 3 methods was > 0.05.
Therefore, when using sensitivity as the performance metric, the null hypothesis cannot be
rejected, and no proof exists for the statistical significance of observed differences at 𝛼 = 0.05.
However, for the SP group, when using other metrics, P < 0.05. With this, it appears that using the
other 4 performance metrics, the observed difference between the two classes is statistically
significant at 𝛼 = 0.05.
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Table 3.3

The average of each performance metric over 20 trials for each of the treatment
groups using1,2

Method

COMB

0.888

0.928

0.863

F1
score
0.87

CON

0.853

0.902

0.809

0.864

0.934

SP

0.893

0.952

0.891

0.53

0.917

S

0.853

0.899

0.803

0.871

0.894

COMB

0.875

0.913

0.851

0.855

0.944

CON

0.85

0.889

0.816

0.865

0.933

SP

0.86

0.649

0.894

0.501

0.9

0.837

0.884

0.786

0.858

0.896

COMB

0.822

0.836

0.812

0.796

0.931

CON

0.825

0.879

0.771

0.839

0.928

Gaussian naïve

SP

0.817

0.453

0.883

0.42

0.891

Bayes

S

0.811

0.849

0.768

0.838

0.896

Random forest

Groups

Logistic regression S

Accuracy Sensitivity Specificity

1

AUC
0.945

The study evaluated the performance of three methods (Gaussian naïve Bayes, random forest,
and logistic regression) in predicting heat stressed and non-heat stressed grazing dairy cattle
subjected to different cooling methods
2
Where COMB = combined, CON = control (no heat abatement), SP = sprinkler (PVC sprinkler
system), S = shade (shade structure with 80% protective shade cloth)
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Table 3.4

The P -value of the permutation tests according to all performance metrics for each
treatment group1,2,3

Method

F1
Groups Accuracy Sensitivity Specificity score

Random forest

COMB 0.0003

0.0003

0.0003

0.0003 0.0003

CON

0.0003

0.0003

0.0006

0.0003 0.0003

SP

0.0003

0.07

0.0003

0.0003 0.0006

S

0.0003

0.0003

0.001

0.0003 0.0003

COMB 0.0003

0.0003

0.0003

0.0003 0.0003

CON

0.0003

0.0003

0.0003

0.0003 0.0003

SP

0.01

0.067

0.0006

0.001

S

0.0003

0.0003

0.0006

0.0003 0.0003

COMB 0.0003

0.0003

0.0003

0.0003 0.0003

CON

0.0003

0.0003

0.001

0.0003 0.0003

SP

0.0425

0.112

0.003

0.005

S

0.0003

0.0003

0.002

0.0003 0.0003

Logistic regression

Gaussian naïve Bayes

AUC

0.003

0.002

1

The study evaluated the performance of three methods (Gaussian naïve Bayes, random forest,
and logistic regression) in predicting heat stressed and non-heat stressed grazing dairy cattle
subjected to different cooling methods
2
Where COMB = combined, CON = control (no heat abatement), SP = sprinkler (PVC sprinkler
system), S = shade (shade structure with 80% protective shade cloth); ML = machine learning;
AUC = area under the curve
3
Significance was considered at P ≤ 0.05
Machine learning results
The random forest and logistic regression methods outperformed the Gaussian Naïve Bayes
method with respect to accuracy (Figure 3.5). However, for cows in the CON group, the difference
was negligible. The performance of random forest and logistic regression with respect to the
accuracy is similar for all the treatment groups and for the aggregation of the treatment groups
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labeled as combined (COMB). However, for the SP group, random forest outperformed the
logistic regression method. Random forest provided the most consistent and accurate results for
all groups.

Figure 3.5

1

Accuracy, sensitivity, specificity, and F1 score of logistic regression, Gaussian
naïve Bayes, and random forest methods for cows subjected to three heat
abatement treatments1,2

Where COMB = combined, CON = control (no heat abatement), SP = sprinkler (PVC sprinkler
system), S = shade (shade structure with 80% protective shade cloth)
2
Error bars represent standard deviation of the performance metrics over 20 trials
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Of the three methods, random forest had the highest sensitivity rate for all the groups
(Figure 3.5). In terms of sensitivity rate (precision) for the combined, control, and shade groups,
the performance of the logistic regression and Gaussian Naïve Bayes method was similar to the
performance of the random forest method. However, the logistic regression and Gaussian Naïve
Bayes methods indicated a poor performance concerning the sensitivity rate in the SP group of
animals. In terms of specificity rate, random forest and logistic regression outperformed the results
obtained by the Gaussian Naïve Bayes. The trend of specificity rate was similar for all three
methods. In the CON group compared to COMB group, all the classification methods scored less
with respect to the specificity rate. Likewise, the specificity rate of the CON group was less than
the specificity rate of the SP group. However, all these methods scored high in the S group
compared to the SP group.
The best value of the F1 score is one (perfect precision and recall), and with respect to this
metric, the logistic regression and the random forest methods represented a good performance and
outperformed the Gaussian Naïve Bayes in all the groups (Figure 3.5). In the SP group, none of
the methods indicated promising results with respect to the F1 score metric. Two metrics to
compare various methods are: precision and recall. These two metrics can show different behaviors
for different methods. For example, if one algorithm has higher precision but lower recall than the
others, which algorithm is better? One possible way to tackle this question is F1 score. This metric
can be used to determine the superiority of different classification methods considering the value
of both precision and recall metrics. In this dataset in terms of precision, random forest shows
better performance for the SP group. However, only based on this metric, it would not be reliable
to state that using the random forest for the cows in the SP group is superior to other methods. To
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better understand this issue, the results associated with F1 score need to be considered as well.
Although the performance of the three methods in terms of F1 score is far from the best value (1)
in the SP group, the F1 score associated with random forest outperformed than the other two
methods. This result indicated that the harmonic mean of precision and recall for this method is
better than the two other methods. As previously mentioned, in terms of precision, the random
forest indicated better results. Subsequently, results obtained for F1 score approved the better
performance of the random forest as well. Thus, we can determine that the random forest classifier
is superior to the two other methods in the SP group of animals. Similarly, for COMB, CON, and
S groups, the random forest and logistic regression outperformed the Gaussian Naïve Bayes.
However, to confidently determine the best method to be used in these groups the F1 score must
be evaluated as well. The performance of the random forest and the logistic regression method
regarding the F1 score was better than the Gaussian Naïve Bayes in the COMB, CON, and S groups
of animals. Therefore, these two methods were preferred over the Gaussian Naïve Bayes method
for these groups.
In terms of AUC (Figure 3.6), all three methods represented overlapping behavior for
animals in CON and S groups, meaning that no method outperformed the other method
significantly. In the COMB group, random forest and logistic regression had overlapping behavior
and outperformed the Gaussian Naïve Bayes. In the SP group, random forest performed better than
Gaussian Naïve Bayes, and Gaussian Naïve Bayes outperformed logistic regression. The AUC
obtained for all three methods was greater than 0.5, which indicates that these methods performed
significantly better than the random guessing in classifying the heat-stressed animals.
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Figure 3.6

Area under the curve (AUC) of logistic regression, Gaussian Naïve Bayes, and
random forest methods for cows subjected to three heat abatement treatments1,2

1

where COMB = combined, CON = control (no heat abatement), SP = sprinkler (PVC sprinkler
system), S = shade (shade structure with 80% protective shade cloth)
2
The box of the boxplot indicates the first quartile, mean, and third quartile borders, and the
whiskers show the highest and lowest values found

The mean probability of prediction of non-heat stressed animals for the four groups of
animals using the three methods is high (Figure 3.7). Concerning the mean probability of
predicting heat-stressed animals, logistic regression works slightly better than other methods.
Further, all methods could predict the non-heat stressed animals appropriately. However, these
methods did not make identical predictions for each group and the results obtained by logistic
regression outperformed the other methods. In all groups, the logistic regression compared to the
other methods had a higher standard deviation. For all of the methods, the mean probability of
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predicting non-heat stressed animals decreased from the COMB group to the CON group,
increases from the CON group to the SP group, and decreases from the SP group to the S group.
From these results, the mean probability of predicting non-heat stressed animals is highest for the
SP group.

Figure 3.7

Mean model output of the logistic regression, random forest, and Gaussian Naïve
Bayes method for cows subjected to three heat abatement treatments1,2

1

where COMB = combined, CON = control (no heat abatement), SP = sprinkler (PVC sprinkler
system), S = shade (shade structure with 80% protective shade cloth)
2
error bars represent standard deviation of the performance metrics over 20 trials

Further, the mean probability of predicting heat-stressed animals (Figure 3.7) is
considerably high for all the treatment groups except for the SP group. The results obtained for
different methods represents the same trend across different groups. Meaning that when using three
methods, the mean probability of predicting heat-stressed animals slightly increases from the
COMB group to the CON group, decreases from the CON group to the SP group, and again
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increases from the SP group to the S group. Although, the difference among various methods is
not considerable, and the mean probability of prediction of heat-stressed animals can be considered
similar for the COMB, CON, and S groups. In the SP group, logistic regression methods provide
the highest probability of prediction of the heat-stressed animals.
To assess the consistency of the three different methods, correlations were obtained using
the Pearson and Spearman methods (Table 3.5). As expected, Spearman’s ρ was generally higher
than Pearson’s r. All the correlations between different methods were positive, indicating that, in
general, if the probability of being in a specific class was higher in one method, then it is higher in
other methods as well.
Table 3.5
Treatment

Pearson and Spearman correlation coefficients between the model output of the
three methods tested1,2,3
Pearson

Spearman

RF_LR

RF_GNB

LR_GNB

RF_LR

RF_GNB

LR_GNB

COMB

0.97

0.87

0.85

0.93

0.89

0.90

CON

0.91

0.90

0.82

0.88

0.89

0.83

SP

0.81

0.65

0.53

0.67

0.76

0.64

S

0.93

0.88

0.84

0.90

0.87

0.87

1

Where COMB = combined, CON = control (no heat abatement), SP = sprinkler (PVC sprinkler
system), S = shade (shade structure with 80% protective shade cloth)
2
The three methods tested were logistic regression (LR), Gaussian Naïve Bayes (GNB), and
random forest (RF) models averaged over 20 runs
3
RF-LR represents the correlation of model output between random forest and logistic
regression; RF-GNB represents the correlation of model output between random forest and
Gaussian naïve Bayes; LR-GNB represents the correlation of model output between logistic
regression and Gaussian naïve Bayes
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For animals in the COMB group, the correlations were close to 1 and ranged from 0.85
(between logistic regression and Gaussian Naïve Bayes) to 0.97 (between random forest and
logistic regression). The correlations between different methods for the other groups, CON and S,
were slightly less than the COMB group, but followed the same trend. The correlations decreased
considerably and ranged between medium and high for the SP group.
The lowest correlation for the SP group (0.53) was between the logistic regression and
Gaussian Naïve Bayes. The highest correlation for the SP group is 0.81 and it is between random
forest and logistic regression. Overall, the correlation between the different methods for different
groups ranged from moderate to high (0.53 to 0.97), and the lowest correlation can be consistently
observed between logistic regression and the Gaussian Naïve Bayes.
Figure 3.8 indicates an example of correlations in one of the 20 validation runs. In general,
when the score of a method for a sample approaches to 0 or 1, the respective score of that same
sample in other methods approaches to 0 or 1 as well. This means that when animals in one group
score high with one method, they typically score high with other methods as well. This detail is
an indicator of consistency across methods or the similarity of the predicted probabilities between
the methods. However, because the correlation of methods for the SP group is moderate, there
would be some exceptions with these results. The third row of Figure 3.8 illustrates the results for
the SP group. The proportion of samples that scored extremely different based on different
methods was large compared to the other groups of animals.
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Figure 3.8

Visualization of correlations between the 3 methods in 1 of the 20 validation
runs1,2

1

Plotted are the model output values (between 0 and 1) for logistic regression, Gaussian Naïve
Bayes, and random forest methods1
2
The first row depicts correlations in the combined group, the second row shows correlations in
the control group, the third row shows correlations in the sprinkler group, and the last row shows
the correlation in the shade group. The first column shows the logistic regression method versus
the random forest method, the second column shows the Gaussian Naïve Bayes method versus
the random forest method, and the third column shows the logistic regression method versus the
naive Bayes method
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Discussion
Good health of dairy cows is essential to the well-being of the animal and is indicative of
physiological functioning (Fraser et al., 1997). When a cow becomes heat stressed, DMI intake
decreases, and therefore the availability of nutrients for milk synthesis is decreased (West, 2003a;
Rhoads et al., 2009). Heat stress at any level can increase maintenance requirements by 7% to 25%
further exacerbating the decrease in milk production (NRC, 2001). The severity of stress
experienced depends on various factors, including age, breed, production, body condition, stage
of lactation, pregnancy, and housing (Yousef, 1985). When only monitoring environmental
stressors during periods of heat stress, intervention for cows that are more sensitive to increased
THI may be delayed.
A delay between environmental events and the effect on cow performance has been
exhibited (West, 2003a). In a Florida study, black globe temperature (a measure of ambient
temperature and radiant energy) had no significant effect on milk production when measured on
the same day (Collier et al., 1981). The effects of a given black globe temperature on milk
production are most noticeable between 24 and 48 hours following the heat stress period (Collier
et al., 1981; Spiers et al., 2004). West et al. (2003b) reported that mean THI had the greatest
correlation to decreases in milk production two days prior to milk yield measurement. For each
unit increase of THI, Holstein cows decreased milk production by 0.88 kg for the 2 d lag of mean
THI. When milk yield was measured on the same day as THI, the decrease in production was
substantially less compared to two days earlier. The ability to accurately assess heat stress using
individual cow indices and a scoring system could be a useful tool for producers to know when to
intervene with appropriate heat abatement or veterinary assistance to decrease the production loss
experienced in periods of heat stress.
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To aid in the process of heat stress detection, many heat stress indices (e.g., body
temperature, respiration rate, drooling, panting) have been developed by researchers to evaluate
the response of dairy cattle to environmental stressors (e.g., temperature, humidity, wind speed).
The relationship between these indices or variables and the environmental stressors can be
complex and nonlinear (Hastie et al., 2009). Models constructed with the assumption of linearity
may not correctly represent how the environmental stressors are affecting the response of dairy
cattle. In this study, a heat stress scoring system was developed and utilized to assess different
levels of heat stress a dairy cow was experiencing and machine learning methods (Gaussian naïve
Bayes and random forest) were compared with logistic regression to see which method could most
accurately predict a heat-stressed or non-heat stressed cows in a pen with sprinkler, shade, or no
form of heat abatement (control). The ability to predict if a cow is heat-stressed by using cowbased variables (e.g., RR and RT) could allow producers to provide early intervention before the
negative effects of heat stress arise.
The models used to analyze the data set were able to classify the animals into heat-stressed
or non-heat stressed classes. Random forest classifier outperformed other classifiers for all the
groups with respect to the mean value of AUC. The AUC value of Gaussian naïve Bayes for the
COMB group did not overlap the AUC value of the other two methods. The AUC value of all three
methods overlapped in CON, S, and SP groups of animals. This result could be due to the
subjectivity of some of the variables observed.
The mean value AUC for all the methods in the CON group was greater than the mean
values in the SP group. In addition, the average value of AUC computed for all methods increased
from the SP group to the S group. The average AUC value of classifiers was significantly different
than 0.5, and other than the SP group, the average AUC value is above 0.9. Using AUC to evaluate
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the accuracy of the classifiers can have some drawbacks (Lobo et al., 2008), however, if a classifier
scores an AUC value above 0.9 it has good accuracy if it scores between 0.7 and 0.9 it has moderate
accuracy, and if its AUC value is between 0.5 and 0.7 its accuracy is low (Akobeng, 2007).
Therefore, other than the SP group where the performance of the classifiers was moderate, for all
other groups, the proposed models were able to accurately predict the individual animal heat stress.
This result could indicate that the heat-stressed cows in SP were more difficult to detect because
they were less heat stressed compared to the cows in S and CON.
By using feature importance in the random forest classifier, the average importance of each
feature was obtained for the different datasets over the 20 trials to better understand which
variables were leading the observed results. The visualization of the importance of each of the
features is plotted in Figure 3.9. Two features, respiration rate, and drooling, outperformed the
rest of the features for all the datasets. However, it is observed that in the SP group, the average
importance of these features is lower than their importance in the rest of the groups. Further, the
importance of the days in the milk feature in the SP group is greater than its value in the rest of the
groups. Therefore, days in milk is the third most important feature in SP, which outperforms the
rest of the features. These three features, drooling, respiration rate, and days in milk, could be
thought of as the features that drive heat stress in the different groups.
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Figure 3.9

Visualization of the average importance of the features over 20 runs and based on
the random forest classifier for the different treatment group datasets1

1

Where COMB = combined, CON = control (no heat abatement), SP = sprinkler (PVC sprinkler
system), S = shade (shade structure with 80% protective shade cloth)

In this work, three machine learning methods, logistic regression, random forest, and
Gaussian naive Bayes, were used to predict heat stressed and non-heat stressed cows. The reason
behind the selection of these methods is that they can be considered as a representative of a large
set of classifiers. To further the quality of results and to achieve promising results for even the SP
group of cows, investigating other advanced machine learning techniques such as neural networks
could be a viable option. This method was attempted on the current dataset but did not show
promising results. This was due to the fact that this method needs a large amount of data to be
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trained and worked properly, and that amount of data was not available for this study. In one study
by Fenlon et al. (2017) the authors used four predictive models of calving difficulty in dairy heifers
and cows. The results from that study indicated that the neural network model outperformed the
regression and random forest methods. Although neural networks are powerful predictive tools,
they often need a large amount of data to be trained to provide quality predictions. Hence, using a
neural network to improve the classification accuracy can be considered as future research when
a large dataset is available.
Apart from using powerful tools to predict heat stressed animals, other ways to further
improve the prediction performance could be considered. Increasing the amount of data collected
could improve the prediction performance. The research conducted by Shahinifar et al. (2014)
indicated that with a larger number of samples, pregnancy results could be improved. In the same
study, involving more data in the experiments the researchers reported an AUC score of 0.76 while
the accuracy was between 72 to 74%. This result could mean that using the same classification in
practice could cause a quarter of animals to be classified incorrectly. In addition to collecting more
data, another possible way to improve the accuracy of even the SP group is including more
variables.
While taking more samples and measuring more variables could improve accuracy, it
cannot solve all difficulties. A predictive model is able to recognize a heat-stressed animal only in
the case where the reason for the heat stress is the pattern in the dataset. This requirement is not
certain, and there might be always some factors that are not explained by the available information
measured. When measuring more variables, limitations exist. For example, in order to find the
appropriate number of subjects for an experiment, a statistical power test is conducted for each
variable to determine at what level could an effect be displayed. In animal science studies, if too
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many variables are measured then the sample size necessary may exceed the number of animals
that one has available for research purposes. Considering more information can increase accuracy,
but because not every variable associated with heat stress can be evaluated, a certain degree of
uncertainty will remain.
Conclusions
Machine-learning models can predict heat stress and non-heat stressed cows provided with
different heat abatement, but had an increased accuracy and precision when using the random
forest method. If this study could be conducted over multiple summer seasons, more data would
be available to analyze with other advanced machine learning methods (e.g. neural networks) to
compare to the methods used in this study. For future studies, utilizing a combination of precision
technologies to monitor specific individual cow heat stress indices and machine-learning to create
an algorithm to alert producers when cows begin to experience heat stress could be beneficial.
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